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Abstract

An experimental research program based on laboratory test studies and
scaled slope model tests was conducted with specimens of Monterey No. 0
sand. The principal objective of the research was to study the effects of
interactive coupling during combined compression (normal) and shear loading
on the response of sands to dynamic loading. The research program included
the following experimental studies:

1. Resonant Column tests on cylindrically shaped specimens using

longitudinal and torsional excitation, both separately and in

combination.

2. Thin-walled Hollow Cylinder tests using longitudinal and tor-
sional cyclic excitation, both separately and in combination.

3. Large scale shaking table tests on slope models, using horizon-
tal and vertical cyclic excitation, both separately and in com-
bination.

During the course of this research significant effects were observed
during combined compression and shear cyclic loading. The primary ob-
served effect of combined loading was the more rapid degradation of
modulus with strain than would otherwise occur.

Two methods were developed and presented for calculating the degra-
dation of compression modulus with strain under combined dynamic loading
conditions. The first of these, called the Strain Ratio Method, requires
the computation of either the instantaneous or an overall average ratio
of shear strain amplitude to compression (normal) strain amplitude. The

amount of additional degradation in compression modulus due to interactive




coupling may then be determined by reference to a set of typical strain

ratio curves which are presented in Figure 7-7 on page 138.

The second method developed is called the Octahedral Shearing Strain
Method. This method requires the computation of either the instantaneous
or an overall average value of the octahedral shearing strain amplitude.
This may be calculated from the strain tensor using either Equation 2-42
on page 18, or Equation 2-44 on page 19. Once this value is determineqd,
the total degradation in compression modulus due to strain, including in-
teractive coupling effects, may be determined by reference to a set of

typical octahedral shearing strain curves such as those presented in

Figure 7-6 on page 136. Alternatively, a specific set of octahedral

shearing strain curves may be developed for any sand by converting the
strain amplitude from conventional degradation curves to octahedral
shearing strain by use of Equations 2-42 or 2-44 as outlined in the text.

These two methods provide a reasonable estimate of the effects of

interactive coupling on the degradation of modulus with strain. Both
methods lose accuracy as the straining progresses from elastic to plastic,
and as specimens approach failure., Nevertheless, the use of either method
under conditions of combined shear and compression loading represents a
significant improvement over the practice of neglecting interactive effects.
’ A series of larée scale shaking table tests were conducted upon Slope
models in an effort to determine when yielding in the slopes began. The
slope specimens were subjected to horizontal, and combined horizontal and
vertical cyclic excitation. The slopes were thoroughly instrumented to

record accelerations and displacements during loadin

ii




An analysis method was developed and presented for predicting yield
accelerations in granular slopes under combined vertical and horizontal
loading conditions. When the shaking table test results were compared
with the predicted values of yield acceleration, it was concluded that the
predictions were at least as accurate as the empirical measurements could
be made. These results were consistent with the conclusion that the ef-
fects of combined vertical and horizontal accelerations on yielding of

granular slopes may be evaluated using simple superposition.
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Chagter 1

Introduction

The objective of this research was to study the interaction effects
of combined compression and shear loading on the response of sands to
dynamic loading. This research included the following experimental studies:

1. Resonant Column tests on cylindrically shaped specimens of sand
using longitudinal and torsional excitation, separately and in
combination (Chapter S).

2. Thin-walled Hollow Cylinder tests on sand specimens using longi-
tudinal and torsional cyclic excitation, both separately and in
combination (Chapter 6).

3. Large scale shaking table tests on slope models constructed with
sand, using horizontal and vertical cyclic excitation, both
separately and in combination (Chapter 8).

A review of available theories for analyzing soil behavior under

dynamic loading conditions was made, and the strain tensor (Chapter 2)

and state of stresses (Chapter 3) were developed for the specimens under
test in the first two of these studies. Formulae for calculating moduli
and damping factors from the results of those studies were developed and

presented in Chapter 4. The results of these first two studies were

further analyzed and combined in Chapter 7.

The details of the large scale shaking table testing program, in-

cluding the development of an analysis technique and evaluation of the 4
test results, were presented in Chapter 8.

The mechanical and testing details of the various equipment used in
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these experimental studies are presented in Appendix A. Derivations
(Appendix C), computer programs (Appendix D), and example test results
(Appendix B) are also included.

These experimental studies were performed on specimens constructed
of Monterey No. 0 sand, a uniformly graded, fine grained quartz sand pro-
cessed from beach sand. A gradation analysis of the sand used in these
studies is shown in Fiqure 1l-1. The maximum and minimum densities of this

sand were found to be as follows:

Y4 max 1.707 gm/cc, (1.1)

and

Y4 min 1.425 gm/cc, (1.2)
Experimental studies were performed at a variety of densities and con-

fining pressures so that the effects of these variables could be evaluated

as well.




Chapter 1

Introduction

The objective of this research was to study the interaction effects
of combined compression and shear loading on the response of sands to
dynamic loading. This research included the following experimental studies:

1. Resonant Column tests on cylindrically shaped specimens of sand
using longitudinal and torsional excitation, separately and in ;
combination (Chapter 5).

2. Thin-walled Hollow Cylinder tests on sand specimens using longi- :
tudinal and torsional cyclic excitation, both separately and in
combination (Chapter 6).

3. Large scale shaking table tests on slope models constructed with
sand, using horizontal and vertical cyclic excitation, both
separately and in combination (Chapter 8).

A review of available theories for analyzing soil behavior under
dynamic loading conditions was made, and the strain tensor (Chapter 2)
and state of stresses (Chapter 3) were developed for the specimens under
test in the first two of these studies. Formulae for calculating moduli 1
and damping factors from the results of those studies were developed and
presented in Chapter 4. The results of these first two studies were 1
further analyzed and combined in Chapter 7.

The details of the large scale shaking table testing program, in-

cluding the development of an analysis technique and evaluation of the

test results, were presented in Chapter 8.

The mechanical and testing details of the various equipment used in
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Chapter 2

The Strain Tensor

Introduction

In both the triaxial resonant-column and the thin-walled hollow
cylinder testing series forces and displacements are measured in the
vertical and torsional directions. However, because of the geometry and
complex loading of these specimens, the principal stresses and strains
are not directly measurable. It is the purpose of this chapter to de-
scribe the strain tensor for these two testing series so that the com-
plete state of strains may be determined from those strains which are
directly measurable.

During the two testing series, the maximum strains measured were in
tpe order of 10-1%, so that a linear distribution of strains may be as-
sumed. An elastic analysis of the stress-strain response of these soil

specimens may be performed with the use of Hooke's Law.
Hooke's Law

In its simplest form, Hooke's Law for a homogeneous, isotropic body

may be expressed as follows:
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(2.1)

The use of Hooke's Law for modeling the stress-strain behavior of a

material implies several assumptions. The material is assumed to behave

linearly and elastically during loading, so that the strains considered

must be small enough so that changes in shape and size are negligible.

Hooke's Law further implies that superposition of loading effects is

valid, and that the principal stresses and strains are in the same

directions.

Hooke's Law in Plane Strain

For the special case of plane strain in the xy plane, Hooke's Law

reduces to the following expressions.

e, = 0
Yz ™ 0
sz = 0
dz can be expressed as:
Gz = U - (Ox + Oy)

And:

(2.2)

(2.3)




e, o= [-Fumt  La-h 0 o | (2.4)

Resonant-Column Testing

The strain tensor for the triaxial resonant-column testing series may

be expressed in "cylindrical" coordinates in the following form:

eR ERG ERz
E = eeR se €52 (2.5)
szR 26 Ez

where the R, 8, and z directions are as shown in Figure 2-1l(c) and eez =

Yez' ERS = YRS' and EzR = YzR' To maintain equilibrium, we can see from

Figure 2-1(b) that [€ leg,| = le gl and le gl = leg,l: and

rol = eggls leg, |

so [€) must be a symmetrical matrix which is uniquely defined by six

strains.
Strain Equations

If the displacements u, v, and w are defined as shown in Figure

2-1(¢c), the strains can be defined as follows:

du
ER = ar (2.6)
u dv
66 = ;+E (2.7)
e = ™ (2.8)

z z




w (Z DIRECTION)
v (9 OIRECTION)

-.U
(R OIRECTION)

{c)

(b)

FIGURE 2-1 FREE BODY DIAGRAM AND STATE OF STRAINS
FOR RESONANT COLUMN SPECIMENS
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1,1 du dv v

0  for T 2T E P (2.9
ladv 1 dw

€ze = eez = E(Ez— + T d—e (2.10)
- = Ldu  dw

®rz T fzr T 2@ Y@ (2.1

For this testing series, the following boundary conditions exist:

H
£
[}

&+ 2, &=¢ (2.12)
z

r-z:* AGO (2.13)

(9]
<
]

Equation 2.12, states that the vertical strain is known. This is true i
because it is directly calculated in all of the tests. The assumption

expressed in Equation 2.13 is that the torsional displacement v varies

1 linearly in both the r and z directions. This condition is illustrated

in Figure 2-1(a).

- Strain Tensor

Applying boundary conditions 1 and 2 (Equations 2.12 and 2.13) to

the six strains which define the strain tensor (Equations 2.6 through

2,11) yields the following: ;
- 0 0
uE,
e = | o -ue. Lrae (2.14)
z 2 0

1

0 =
2rAeO €z 1

A detailed derivation of the above expression appears in Appendix

c-1.
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Hollow Cylinder Testing

In the case of the thin-walled hollow cylinder testing series the
strain tensor may be expressed in the same form as Equation 2.5, but the

strains are now as shown in Figure 2-2,

Strain Equations

As with the resonant-column testing series, (€] is a symmetric
matrix about the normal strain diagonal, and is uniquely defined by six

strains. From Figures 2-2 and 2~3 those strains can be defined as follows:

= 9w
ez T (2.8)
(1 = Ryyg/) RoNEW
s TlT-r,/rR) VR___ % (2.13)
ave’ 2 20LD 2 <p<n
AVG~ — 2
€ = -¢
8 6
Ll <<
'RAVG—F—BZ 'RI—F—BAVG
R - R
€y [;NEW —_ 1] (2.16)
20LD AVG
R <r<R,
_1,1du  dv v
€re T Z(r ae tar r) (2.9)
1 dv dw
gze = 5—(-d—z + d—e. (2.10)
e, = f&u, (2.11)
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FIGURE 2-2 FREE BODY DIAGRAM AND STATE OF STRAINS
FOR HOLLOW CYLINDER SPECIMENS
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(a) TANGENTIAL DISPLACEMENT, v

(b) RADIAL DISPLACEMENT, u

FIGURE 2-3 TANGENTIAL (a) AND RADIAL (b) DISPLACEMENT OF HOLLOW
CYLINDER SPECIMENS UNDER LOAD AS A FUNCTION OF
INITIAL RADIUS
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Tangential Strain Assumption

Note that Equations 2.8 through 2.11 are identical to the expres-
sions developed for the resonant-column testing series. The assumption
implicit in Eguations 2.15 and 2.16 and in Figure 2-3 is that the thin-
walled hollow cylinder specimen will strain in such a way that the aver-

age radius, R

AvG! remains unchanged during loading., This assumption is

equivalent to the assumption that Ee =0, 1If YRO = Yze = 0, such as during

consolidation or vertical loading alone, a plane strain condition exists.
Because of the geometry and the end platen boundary conditions of

the thin-walled hollow cylinder specimen, the assumption of ee =0 is

reasonable. Ag the specimen is loaded compressively in the vertical di-

rection, the specimen will compress vertically and bulge radially. This

radial straining will appear as a bulging on both the inner and outer

walls of the cylinder. At some radius within the specimen the radial

(and tangential) displacement will be zero. If that radius is the aver-

age radius, R then the net tangential strain will be zero, as illus-~

AvVG'
trated in Figure 2-3(a). If the no-strain radius is some other value, the
net tangential strain will not be zero, but will be very small when com-
pared with the net radial strain. Marachi et al, (1969) have shown that
under this type of net strain condition the stress-strain response is
essentially that of plane strain.

For this tesﬁing series the following boundary conditions exist:

1. w=a-+-2,a= €, (2.12)

2, v=r 2 ASO

Note that these are identical to the boundary conditions for the triaxial

resonant-column testing series.
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Strain Tensor

Applying these boundary conditions to the six strain equations de-
fining the strain tensor (Equations 2.8 through 2.11, 2.15, and 2.16)

gives the following expression for the strain tensor:

u+n?
- (E:ET ez 0 o]
e = 0 0 1 e (2.17)
2°aVGT 0 )
1
0 ERAVGAeo €z

A detailed derivation of the above expression appears in Appendix

c-2. It was assumed that se = 0 for this derivation.

Incremental Principal Strains

Incremental principal strains may be evaluated using the strain

tensors developed in Equations 2.14 and 2.17.
Resonant Column

In the case of the triaxial resonant column specimens, whose strain
tensor is given in Equation 2.14, the Mohr's circle in strain for the 6z

"plane" is shown in Figure 2-4(a). The condition illustrated in this

Ae
figure is the case in which the maximum vertical normal strain, —55, is
Ay
occurring simultaneously with the average shear strain, —195. As re-

corded,AYez and Aez are "peak-to-peak" or double amplitude values. Thus
the single amplitude values are AYez/Z and Aez/2. Because the compres-
sional and torsional strains were out of phase and at different fre-

quencies, the average value of AYez occurring simultaneously with Aez

»
e e e e e v ‘ - o A




(b)

FIGURE 2-4 MOHR'S CIRCLE IN STRAIN FOR THE "8z PLANE"
FOR RESONANT COLUMN (a) AND HOLLOW CYLINDER (b)
SPECIMENS UNDER DYNAMIC LOADING COANDITINNS




was approximated as AYez/z. Thus Ayez/4 is used as the average single

amplitude value. Because the vertical axis of Mohr's circle is equal to

half the shear strain in any direction, the plotted value of shear strain
AYBz
3 -

on the 8z "plane" is
From Figure 2-4(a), and the strain tensor (Equation 2.14) the prin-

cipal strains may be expressed as follows:

Ae Ay
z 6z
A€l = —2—-+ 3 tany (2.20)
A»:-:R Aez
AEz = =5 = - u—z— (2.21)
Ae Yoz
A€3 = -(u—z——+ s * tany) (2.22)

Ay
where, 1 =311 -1 Oz
3 tan Ae (2.23)
Bz - ey
and, pe, = (25Yune, (2.24)

Hollow Cylinder

For the case of the thin-walled hollow cylinder testing series,
whose strain tensor is presented in Equation 2.17, the Mohr's circle of
strain for the 0z "plane" is shown in Figure 2-4(b). In this figure the
condition of maximum vertical normal strain and simultaneous maximum
shear strain is illustrated. 1In the hollow cylinder series the measured
value of AYez is the double amplitude value, so AYez/z is the single

amplitude value. However, the compressional and torsional strains had




la

the same frequency. If they were also in phase, as depicted in Figure
2-4(b), then the maximum value of AYez would always occur when Aez is
maximum. Thus it is not necessary to divide AYez by an additional factor
of 2 to get the average value of the shear strain accompanying the maxi-
mum value of vertical normal strain, as was done for the resonant column
specimens.

Because the vertical axis of the Mohr's circle in strain is equal to

one-~half the shear strain in any direction, the plotted value of shear

Ay
strain in the 6z "plane" in Figure 2.4(b) is ‘fz From the figure the
following equations may be written:
Ae Ay
z 6z .
Ael 3 + 2 tany (2.29)
Ay :
_ 6z
Ae2 = 2 tany (2.26)
21 A
- 4+ u z
A€3 = [m—z-] > (2.27)
Ay
_ 1 -1 Bz
and, Y = 3 tan Ac (2.28)
4= - e )
Aez
Aect = (2.29)

Non-Combined Loading

For the special case of vertical loading alone, Equations 2.20

through 2.22 reduce to the following:

Ae

be, = —25 (2.30)




A€2

and Equations 2.25 through 2.28 become:

be, z (2.32)

Aez (2.33)

(2.35)

In the special loading case of torsional loading alone Equations

2.20 through 2.23 become:

Asl

Aez

(2.38)

[ (2.39)

In the absence of vertical lcading it is not necessary to divide
Ayez by two to get the average value associated with Aez. Thus the de-
nominator in Equations 2.36 and 2.38 is 4 rather than 8.

Although torsional loading alone was not performed in the hollow
cylinder test series, the applicable equations can be derived from Equa-

tions 2.25 through 2.29.

Because Aez/z = 0, Equation 2.27 now defines Aez, which is zero, and




A€3 is obtained from Equation 2.26. Thus the expressions for Ael, Aez,

Ae3 and y become identical to Equations 2.36 through 2.39.

Octahedral Strains

The nonlinearity of the stress-strain response for soil has been
recognized for some time. Researchers have often referred to this non-
linearity as the "degradation of modulus with increasing strain amplitude.”
The octahedral strains are a very useful tool in evaluating the effects of
strain amplitude on modulus because they are both dimensionless and bring
into consideration the complete state of strain, and are independent of
the orientation of the coordinate system.

Octahedral Normal Strain
There are two octahedral strains: the hydrostatic component and the

shearing component. The first of these, € , is also called the octa-

-

oCT

hedral strain or the octahedral normal strain; and may be computed from

the following expression:

5
EOC'I' = 3 (2.40)
where I1 is the first strain invarient, and may be written:
Il = Ex+€y+€z = €e+€R+€z = El+€2+€3 = Evol (2.41)

Octahedral Shearing Strain

The second octahedral strain, is also called the octahedral

Yocr’
shearing strain; and may be computed from the following:

/5 1/2
Y R
= 3 [Il + 312] (2.42)

Yocr
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1
where 12 is the second strain invarient, and may be written:
1l 2 .1 2 1 2
I = - + -~ = =

2 (eyez * Ezex exey) * 4sz * 4'2x * 4ny
= (e g 1 2 1 21 2
(g€y * €5 * 9% * T8z * 3V2r * 7VoR

= -(elsz + 5233 + 6183) (2.43)

In terms of the principal strains, Equation 2.42 may be written as follows:

= .2— - 2 - 2 - Z ]
YOCT 3 (el 53) + (El 62) + (82 €3) (2.44)

This shearing component has the effect of causing shearing or dis-
torsional deformation of a material, whereas the octahedral normal strain
has the effect of causing purely normal or compressive deformations.

when considering the process of degradation of modulus with in-
creasing strain amplitude, it is clearly the shearing.stréin component of
the state of strain which causes the degradation. The normal component
of the strain tends to increase the modulus with increasing strain ampli-
tude.

For soils assumed to be isotropic the octahedral shearing strain,

Y

ocT’ would appear to be a very useful tool in evaluating the effects of

strain on modulus for these testing series since it will bring into con-
sideration both the effect of the dynamic shear strains, AYGz' and the

shear strain component of the anisotropic dynamic vertical loading, re-

presented by the diameter of the Mohr's circle in strain in Figure 2-4.
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Chapter 3

The State of Stresses

Introduction

It is the purpose of this chapter to describe the complete state of
stresses of the various soil samples used in both the triaxial resonant-
column and the thin-walled hollow cylinder testing series. This presen-
tation will include the magnitude and direction of the principal stresses
throughout the load history of the specimens.

Assuming that the material is behaving both linearly and elastically,
the principal stresses and directions may be easily calculated if the
values of all stresses on thre; mutually perpendicular planes are known.
In the two testing series conducted, the stresses were measured in dif-
ferent manners and the specimens were subjected to different pre-loading
consolidation stress nistories; therefore, the state of stress will be

discussed separately for each series,

Resonant-Column Testing

Test Procedure

In this testing series cylindrically shaped specimens of sand were
isotropically consolidated to one of the following confining pressure:
0.5 KSC, 2.0 KSC, and 3.5 KSC (1 KSC = 1 kg/cm® = 98.07 kN/m?). The sam-
ples were then fixed at the base and excited from the cap with a pure
sinusoidal force of very low amplitude. The frequency of this excita-
tion was adjusted to the undamped natural frequency (also called the

resonant frequency) of the soil column. The acceleration response of the
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soil column was measured with a calibrated accelerometer mounted in the
cap of the specimen.

The resonant frequency was obtained with the use of an oscilloscope
by displaying a Lissajous figure of the excitation and the acceleration
response. When the two axes of the elliptical Lissajous figure are in
the same directions as the input axes (i.e.: the vertical and horizontal
plates), then the two signals are at the same frequency but 90° out of
phase. TFor the resonant-column sample, the frequency at which the input
excitation and the acceleration response are 90° out of phase is by de-
finition the undamped natural frequency.

From the calibrated acceleration response and the geometry of the
specimen, the peak-to-peak strain response may be easily calculated.

During testing of a specimen the excitation may be axial (vertical),
torsional, or both simultaneously. In a typical test the specimen will
be loaded with a particular excitation for less than two minutes, then
the excitation amplitude is increased and the process repeated.

Values of dynamic unconstrained compression modulus (also called
dynamic Young's modulus) and dynamic shear modulus are calculated from the
resonant frequency, the sample geometry and weight and the dynamic re-
spongse characteristics of the testing apparatus. A more detailed dis-

cussion of this calculation is included in Appendix C-3,

Stress Equations

The net, peak-to-peak vertical and torsional stress may be calcu-
lated by multiplying the calculated modulus by the calculated peak-to-

peak strain as follows:




Aoz = E - Aez (3.1)

and Arze = G - Ayze (3.2)
where:

E = unconstrained compression modulus,

G = shear modulus,

Acz = peak-to-peak vertical stress,

Aez = peak=-to-peak vertical strain,
Arze = peak~-to-peak torsional stress,
and AYZ8 = peak-to-peak torsional strain.

Vertical Loading Alone

The typical loading sequenc? for the case of vertical loading alone

is shown in Figure 3-1. In this figure it can be seen that the calculation

of the magnitude and direction of the principal stresses is greatly sim-
plified. The principal stress directions are coincident with the di-
rections of the cylindrical coordinate system shown in Figure 2-1; thus

their values are equal to the values of Oz, o] and Ge as a function of

RI

time, where,

oz = vertical normal stress,
CR = radial normal stress,
oe = tangential normal stress.

The mathematical expression for the vertical principal stress, Ga’

is as follows:

Acz
=0 —< . si . .
oa 1c ¥ 3 sm(mz t) (3.3)
where olc = vertical principal stress during consolidation
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and w = 2-7-f (3.4)

with fz as the vertical resonant frequency.

If a free-body is isolated as was done in Figure 2-1, and the maxi-
mum vertical stress condition is plotted upon it, the illustration in
Figure 3-2(a) is obtained. Figure 3-2(b) shows the Mohr's circle plot

for this loading condition. Note from this figure that:

Aoz
o, = 0, = 9+ > (3.5)
o, = 0 .= o = O (3.6)
where,
01 = major principal stress,
02 = intermediate principal stress,
03 = minor principal stress.

Torsional Loading Alone

Under the condition of torsional stress alone, the maximum principal
stress Mohr's circle is shown in Figure 3-3(a). With these loading con-
ditions, the principal stresses in the 62 "plane" are oriented 45° from

the axes in cylindrical coordinates. These principal stress values may

be expressed as follows:

Arez
ol = Olc + 7 ° sm(wT ct) (3.7)
02 = ':2c = oR (3.8)
ATSz
03 = 03c -1 . SLn(wT ) (3.9)

where olc' 02c’ and O3c are the principal stresses during consolidation.
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FIGURE 3-2 FREE BODY DIAGRAM (a) AND MOHR'S CIRCLE IN STRESS (b)
FOR RESONANT COLUMN SPECIMENS UNDER CONDITION OF
MAXIMUM INSTANTANEQUS VERTICAL STRESS
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FIGURE 3-3 MOHR'S CIRCLE IN STRESS (a) AND TWN-DIMENSIONAL
FREE BODY DIAGRAM (b) FOR RESONANT COLUMN
SPECIMENS UNDER CONDITION OF MAXIMUM
INSTANTANEOUS TORSIONAL STRESS
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and wT = 2 T - fT (3.10)

with fT as the torsional resonant frequency. The relationship be-
tween the applied torsional stress and the principal stresses is further
illustrated in Figure 3-3(b), which is a two-dimensional free-body diagram

in the 8z "plane".
Combined Loading

In the case of simultaneous vertical and torsional excitation condi-
tions become more complicated. The resonant frequencies fz and fT are
different, and are normally not an integer multiple of one another. As
seen above, the principal stress directions are different for the two
types of loading, and will vary as a f&nction of time. Figure 3-4 shows
a Mohr's circle diagram in the 8z "plane" for the condition (and at the
time of occurence} of the maximum Ul. The angle B is the angle of re-
orientation of the principal stresses in the 6z "plane" from the 6z axes.

If we establish a constant, 0, such that:

£
T
6= ¥ - (3.11)

4

the stresses may be expressed in the following mathematical form:

Acz
= —< . 35 .-t
o, or 51n(wz )] (3.12)
At 2
and Tez = 5 sin(p - wz < t) (3.13)

From these equations the following expressions were derived for the prin-

cipal stresses and directions:

Aoz Arez
o, = Op * —3—'s1n(wz't) 3 *sin(p cw s t) - tan(B) (3.14)
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FIGURE 3-4 MOHR'S CIRCLE IN STRESS (a) AND STRESS TIME
HISTORIES (b) FOR SIMULTANEOUS DYNAMIC LOADING
OF RESONANT COLUMN SPECIMENS UNDER CONDITION
OF MAXIMUM INSTANTANEOUS VERTICAL AND TORSIONAL
STRESS




02 = OR (3.15)

03 = ZOct - Ul (3.16)
AT * sin(p - w_ - t)
- l._ -1 0z z
8 > tan i, (3.17)
- s:Ln(wz - t)
Acz
and Opp = Op+ < sin(w, - tﬂ (3.18)

where oct is the center of the 9z Mohr's circle.

A more detailed derivation of the above expressions appears in

Appendix C-4.

Hollow Cylinder Testing

Sample Preparation

In these testing series thin walled hollow cylinder specimens of
sand were anisotropically consolidated with a principal stress ratio of
0.54. The minor principal stress during consolidation was set at one of

the following values: 0.5 KSC, 2.0 KSC, or 3.5 KSC.

Consolidation Stress Equations

As discussed in Chapter 2, the load response of the hollow cylinder

specimen is ¢losely analogous to plane strain type loading in the 2zR
plane during consolidation. If we apply the expressions for Hooke's Law
in the special case of plane strain loading (Equations 2.2 through 2.4)

to the present example, we obtain the following expression for the in=-

termediate prineipal stress during consolidation:
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G2c = u(Olc + 03c) (3.19)
where: clc = major principal stress during consolidation
02c = intermediate principal stress during consolidation
63c = minor principal stress during consolidation
and M = Poisson's ratio

Because the directions of the principal stresses are coincident with the
directions of the axes in cylindrical coordinates, and because the princi-
pal stress ratio during consolidation is known, the consolidation stress

state for the hollow cylinder test may be stated as follows:

clc = Oz = 1.85 - O3c (3.20)

GZc = Oe = 2.85 - u - O3c (3.21) ;
1

g = 0 (3.22)

3c R i
It is noteworthy that, should the Poisson's ratio be less than 0.35, then ‘
the tangential principal stress would actually be the minor principal
stress and the radial stress would be the intermediate principal stress.

This consolidation stress state is illustrated graphically in Figure 3-5.
Test Procedure

Following consolidation, the hollow cylinder specimens were excited
at a frequency of approximately 0.33 hertz with a moderate amplitude
sinusoidal force. The loading excitation was applied in the vertical di- :
rection, the torsional direction, or in both the vertical and torsional é

directions simultaneously.

During the excitation, which was applied for 10 to 20 cycles, the
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FIGURE 3-5 FREE BODY DIAGRAM (a) AND MOHR'S CIRCLES IN
STRESS (b AND c) FOR HOLLOW CYLINDER SPECIMENS
UNDER CONDITION OF ANISOTROPIC CONSOLIDATION




vertical stress and strain were recorded directly on an XY recorder, and ]
the vertical stress, torsional stress, and torsional strain were plotted
as a function of time on a strip chart recorder. Several typical load

records are shown in Figure 3-6. After loading, the cyclic stress levels

were adjusted, and the process repeated.
Vertical Loading Alone

The typical loading sequence for the case of vertical excitation
alone is.illustrated in Figure 3-7(a). 1In this figure we can observe
several differences from the case of the resonant-column testing series
that was shown in Figure 3-1. The peak stresses and strains occur es-
sentially at the same time, but the zero crossings indicate a phase lag
of strain behind stress. This is further illustrated in Figure 3-7(b),
as a hysteretical stress-strain response. This hysteresis represents an
energy loss during loading and is a measure of damping during the loading
sequence. Although some non-elastic response occurs in all loading, it
is relatively insignificant at the very low levels of loading encountered
during the resonant-column testing series. At the higher strains seen in
the hollow cylinder testing series, however, hysteretic stress-strain re-
sponse is common. This damping effect will be discussed in more detail
in Chapter 4.

A second peculiarity of this testing series is the anisotropic con-
solidation which the samples have undergone. This has the primary ef-
fect of moving the dynamic loading effects higher up the stress-strain
response curve to a region where higher total strains (and the resultant

non-linear, inelastic load response) are seen. 1In this region of the
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material response, a significant level of load resisting stress has been
mobilized in the specimen.
In addition, because of the nearly plane strain type load response
of the hollow cylinder specimen, the tangential normal stress varies with
the vertical normal stress and the Poisson's ratio. This effect is il- '

lustrated schematically in a Mohr's circle diagram in the 9z "plane" in

Figure 3-8.
The mathematical expressions for the principal stresses under this

loading condition are as follows:

[Acz
Gz = clc + 5= - sin(\ + t) (3.23)
Aoe
Ge = 02c + -5 - sin(A * t) (3.24)
and ' GR = o3c ' (3.25)

where A is a constant. These equations further reduce to the following:

Acz
Oz = 1.85-0’3c + = sin(A - t) (3.26)
Acz
C)'e = 2.85 -y - O'3c+ U-T-Sln(k . t)] (3.27)
i
and GR = 03c' (3.25)

Torsional Loading Alone

Under the condition of torsional stress alone, the maximum principal
stress Mohr's circle in the 8z plane is shown in Figure 3-9(a). Unlike

the case with the resonant-column testing series, the principal stresses

in the "9z" plane are not oriented at an angle of 45° from the cylindri-

L cal coordinate axes. Indeed, the angle of orientation, 8, varies both
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FIGURE 3-8 MOHR'S CIRCLE IN STRESS FOR HOLLOW CYLINDER s
SPECIMENS UNDER CONDITION OF MAXIMUM
INSTANTANEOUS VERTICAL STRESS 1
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FIGURE 3-9 MOHR'S CIRCLE IN STRESS (a) AND TWN-DIMENSIONAL FREE
BODY DIAGRAM (b) FOR HOLLOW CYLINDER SPECIMENS UNDER
CONDITION OF MAXIMUM INSTANTANEOUS TORSIONAL STRESS




with Poisson's ratio and with time. This orientation effect is illustrated
in Figure 3-9(b), which is a two-dimensional free-body diagram in the 8z
“plane".

Under these conditions of loading, the state of stresses is defined

bv the following equations:

Arez
Ol = Ulc +[ 3 *sin(A - t) ° tanf (3.28)
02 = cl - 2(0l - GCT) (3.29)
03 = 03c (3.30)
and B = —;"tan-l (Tgp/2 * sin(d © ) (3.31)
0lc - Oct
where o = (l hd “)-o Y.g (3.32)
ct 2 1 2 3¢ -
and clc = 1.85-c3c. (3.20)

Combined Loading

In the case of simultaneous vertical and torsional excitation, the
loading sequence is shown in Figure 3-10. The greatest complication in
this stress state occurs because, although the two excitations are at the
same frequency, they may be at different phases. This condition is shown
in Figure 3-10(a). The maximum principal stress Mohr's circle in the 0z
"plane" is shown in Figure 3-10(b). The following equations define the

state of stresses under these loading cond cions:

Aoz
1 Ulc + -5 sin(lA - t)

Arez
+ « sinf{(A - a) - ] - tan(Si (3.33)

Q
n

2
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FIGURE 3-10 STRESS TIME HISTORIES (a) AND MOHR'S CIRCLE IN
STRESS (b) FOR SIMULTANEQUS DYNAMIC LOADING OF
HOLLOW CYLINDER SPECIMENS UNDER CONDITION OF
MAXIMUM INSTANTANEOUS VERTICAL AND TORSIONAL STRESS




02 = Ol - 2(0l - oct) (3.34)
03 = 03c (3.35)
- Arez « sin[(XA - a) - t]
B = 3 tan Aoz (3.36)
2 olc + —5—.51n(k't) - O.¢

- (LW 1+ WA . u-o
where Uct = ——3——>-Glc+ ——Z——--LGZ° sin(A-t)]+ 3¢|(3.37)

2
Olc = 1.85 - o3c (3.20)

and o is the phase lag of torsional loading to vertical loading.

A more detailed derivation of these equations appears in Appendix
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Chapter 4

Soil Moduli and Damping Factors

Introduction

In this chapter the strain tensor developed in Chapter 2 and the
state of stresses described in Chapter 3 will be further developed and
combined to produce a complete picture of the stress-strain behavior of
triaxial resconant-column and thin-walled hollow cylinder test specimens

under dynamic loading conditions.

Resonant Column Testing

In the triaxial resonant-column testing series, the moduli are
determined directly in the manner described in Chapter 3. Damping
factors are also obtained during this testing series using either the

amplitude decay technigue or the logarithmic decrement approach.

Dynamic Interaction Theory

When evaluating the stresg-strain response of these specimens
under combined vertical and torsional loading, it is necessary to
consider the effects of the reorientation of the principal stress
directions during loading to evaluate the interaction.

As described in Chapter 3, the principal stresses and their
directions will change throughout each combined loading test because
the two excitations are at two independent frequencies. As a test is

conducted, any interaction effects resulting from the reorientation of

the principal stress directions will vary continuously, and the
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Lissajous figure observed on the oscilloscope will be an integration
of the combined excitation and response over time. The modulus and
damping factor calculated from this Lissajous figure will be "weighted
average" values, averaging any interaction effects.

Because it is being assumed that the sbecimen is behaving as a
linear, elastic, isotropic material, the direction of incremental
strains during loading will coincide with the direction of incremental
stresses, and the principal strain and stress directions will coincide.
Consequently, the path of travel of the dynamic waves will be distorted
to follow the direction of the principal stresses, and the effective
velocity of propagation through the material will be decreased. This
effect will evidence as a decrease in the resonant frequency of the
specimen, and a decrease in the effective modulus of the material. This

principle is illustrated graphically in Figure 4-1.
Data Reduction

A computer program has been developed which reduces the raw data
from the resonant-column testing series to produce values of the
moduli and damping factors under combined vertical and torsional dynamic
loading conditions, and to calculate the values and directions of the
maximum principal stresses during loading. This computer program,
called Program RC, is included as Appendix D-1.

Example results of this testing series, as reduced by Program RC
are presented in Appendices B-1 through B-3, and summaries of the re-
sults are given in Chapter 5. The complete results are available in

Griffin (1980).
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Excitation

(a)

Response

Excitation 1

(b)

Response

FIGURE 4-1 EFFECT OF THE DIRECTION OF THE INCREMENTAL STRESSES
AND STRAINS ON PROPAGATION OF DISPLACEMENTS IN
CYLINDRICAL RESONANT COLUMN SAMPLES




Hollow Cylinder Testing

In the thin-walled hollow cylinder testing series, the vertical
and torsional stresses and strains were measured directly as described
in Chapter 3. Moduli and damping factors may be calculated from this

data provided the complete state of stresses and strains are known.
Consolidation Procedure

During each test, a test specimen was first isotropically
consolidated to 0.5 KSC confining pressure by intercell vacuum. The
specimen was then loaded vertically with an additional compressive
stress to provide an anisotropic consolidation ratio, O3c/olc' of 0.54.
This occurred when the total vertical compressive stress was 0.925 KSC.
While several tests were conducteé upon specimens in this consolidation
state, a number of tests received further consolidation preparation
before dynamic testing was performed. As discussed earlier, tests
were performed upon samples with consolidation lateral confining
pressures of 0.5, 2.0, and 3.5 KSC.

For those tests conducted at the two higher confining pressures,
the above consolidation process was continued in the same sequence as
described above. First the effective cell pressure was increased from
0.5 KSC to 2.0 KSC, then the additional vertical compressive stress
was increased from 0,425 KSC to the value causing an anisotropic
consolidation ratio of 0.54. This additional vertical stress value
was 1.7 KSC, resulting in a total vertical stress of 3.7 KSC.

Similarly, for specimens to be tested at a lateral cqnfining

pressure of 3.5 KSC, the effective cell pressure was increased to that




value, then the additional vertical stress was increased from 1.7 KSC

to 2.975 KSC to create an anisotropic consolidation ratio of 0.54.
Consolidation Strains

During this consolidation process, the vertical displacement
proximeter was installed immediately following the initial consolidation
steps. It was therefore possible to record the vertical strain, ez,

during the remaining consolidation steps where lateral confining

pressures greater than 0.5 KSC were used. This record was made on
the XY recorder for a number of tests, and the summary of these
records are shown in Figures 4-2 through 4-7.

In Figures 4-2 and 4-3, the variation in vertical strain, Ez, is
shown for the increment of consolidation loading resulting from the
change in intercell vacuum only. This change in stress corresponds
to an isotropic increment of loading applied to a specimen which is
already at some anisotropic state of stress. Since the XY recorder
used to measure this strain increment was plotting it against the
additional vertical stress change, which was zero for this increment
of loading, it was not possible to show the true shape of the stress-
strain response. The stress-strain response is therefore shcan as a
dashed line between the known values.

Figure 4-4 provides a summary of the data presented in Figures
4-2 and 4-3, and an extrapolation to allow for predicting the total

consolidation strains. The predicted isotropic increments of vertical

strain shown in Figure 4-4 are as follows:
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EZ(O3c = 0.5 KSC) = 0.10% (4.1)
82(03c = 2.0 KSC) = 0.37% (4.2)
and €z(03c = 3.5 KSC) = 0.65% (4.3)

The short extrapolated line in this figure is an estimate of
the amount of vertical straining resulting from the initial application
of 0.5 KSC of intercell vacuum upon the sample. This value could not
be directly measured as the sample was still in the forming mold at
the time of application of the intercell vacuum.

It should be emphasized that the stress-strain response approxi-
mated in Figqure 4-4 is not truly representative of the stress-strain
response of the samples to isotropic loading. Because all samples
were in an anisotropic state of stress before the various isotropic
loading increments were applied, the lateral stresses were increasing
disproportionately with the vertical stress during the loading increqent.
The primary purpose of plotting this figure was to allow an extra-
polation of the initial vertical strain increment value and the estimation
of total consolidation strains.

For the anisotropic consolidation increments of stress, the
vertical compressive stress was adjusted as described earlier to provide
an anisotropic consolidation ratio of 0.54. Since both the change in
vertical stress, Aoz, and the change in vertical strain, AEZ, were
plotted on the XY recorder for this stress-strain increment, the actual
shape of the stress-strain responsc¢ is known.

In Figures 4-5 and 4-6 the anisotropic stress-strain increments

are shown combined with the isotropic stress increments. The solid lines
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shown in these curves correspond to the actual anisotropic stress-

strain response of the soil recorded by the XY recorder. The data

on these two figures are summarized in Figure 4-7, along with an extra-
polation to estimate the total consolidation strain values. The
extrapolated line on Figure 4-7 includes the earlier isotropic increment
extrapolation from Figure 4-4, and an anisotropic increment extrapolation
deduced from the anisotropic loading increment data shown in the figure.

The total consolidation vertical strains may now be estimated as follows:

e (o = 0.5 KSC) = 0.15% (4.4)
z 3¢

g (o = 2,0 KSC) = 0.56% (4.5)
z 3c

sz(o3c = 3.5 KSC) = 0.93% (4.6)

It is interesting to note that for all of the tests shown, which
represent a wide range of densities, the recorded values of the total
vertical strain under anisotropic consolidation conditions fall within

a few percent of the average values in Equations 4.4 through 4.6.
Consolidation Modulus Calculation

From the strain tensor developed in Equation 2.17, we can calculate

the volumetric strain as follows:

2
- SN0 I
€vo1 ~ ( 1 - uz) €2

and from Hooke's Law (Equation 2.4),

(1 - “z>. TRPRRTLAN
€2 " \T E 2" < ; ) Ir
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which reduces to:

_[{l1-u -2t
Evol = < - )(cz + oR) . (4.10)

Combining Equations 4.7 and 4.10 gives:

2 2
b+ S (Ll-M - 2u )
<l 1 - uz)Ez = < E (oz + OR) (4.11)

which reduces to:

(1 -y - 2u2)0_ + o)
E = z R (4.12)

- (=) e,

The static compression modulus E was calculated from Equation 4.12

for a variety of values of Poisson's ratio and the results are shown
in Table 4-1. The similarity in the calculated moduli for a specific
Poisson's ratio is a measure of the similarity in the principal stress
ratio during consolidation, and of linearity of the stress-strain

response.

Tangent and Secant Moduli

During dynamic excitation, the dynamic vertical stress and strain
will be superimposed upon the consolidation stress-strain condition.
Consequently, it is possible to view either the tangent modulus or
the secant modulus under these loading conditions.

Vertical straining during dynamic loading will be in accordance

with the strain tensor developed in Equation 2.17 and Hooke's Law as

presented in Equation 2.4. The dynamic tangent compression modulus




TABLE 4-1

Static Unconstrained Compression Modulus (in psi)

u E(O'3c = 0.5 KSC) E(GBC = 2.0 KsC) E(G3c = 3.5 KsQ)
0.49 10,612. 11,370. 11,981.
0.44 11,261. 12,066. 12,714.
0.39 11,841. 12,687. 13,369.
0.34 12,351. 13,233. 13,944.
0.29 12,791. 13,704. 14,441.
0.24 13,161. 14,101. 14,859.

55
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under vertical or combined vertical and torsional dynamic loading
conditions may be calculated by the following expression:

Acz
E= (1 - u?) A (4.13)
z

A derivation of this expression is given in Appendix C-6.
Similarly, Equation 4.12 may be rewritten to provide a means for

calculating the dynamic secant compression modulus, producing the

following:
. v o +Aoz‘
- - 2
g =i Bz 20| 2 RAE 2 (4.14)
1 - (el e + 2
1~ uz z 2
where oz = Olc' OR = O3c' and ez = elc'

The secant compression modulus may be simply calculated using
Equation 4.14. Because this modulus is an overall average modulus from
the preconsolidation state, the values will not vary greatly from those
values in Table 4-1 except under conditions of wvery high dynamic straining.

If the soil sample is considered representative of soil conditions
in the field, with anisotropic consolidation, then the compression
modulus of interest is the tangent compression modulus determined using
Equation 4.13. This modulus will reflect the dynamic stress-strain
behavior of soil which has reached a steady-state consolidation condition,

and whose strain will vary throughout the range of strains imposed in

this testing , vogram.
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Effect of Torsional Loading on Equations for Moduli

Under conditions of torsional dynamic loading alone, the principal
stress and strain directions will change during loading as discussed in
Chapter 3. The Mohr's circles in strain and stress for this condition
are indicated in Figure 4-8, with the reorientation of the principal
strains in the €2z "plane" indicated by the angle Y. If the material
behaves linearly and elastically, then ¥ must equal RB.

Note from Figure 4~8(a) that the principal strains may now be

written as follows:

AYGz

el = Elc + 7 sin(A - t) ° tan%] (4.15)
AYGz E
€2 =0 - ~2 sin{(A -« t) - tany (4.16) :
|
= .17 !
53 e3c (4.17) ?
i
Ay, . . i
and Y = Loan? [ Bz SLn(At)] (4.18) i
2 2¢e ;
1c f
where €lc = €z' €2c = Ee = 0, and €3c = ER' j

The volumetric strain may now be written:

€, +E, +€, =¢ + € (4.19) ;

Because Equation 4.19 is exactly equal to Equation 4.7, the
expression for the volumetric strain during dynamic loading is shown
to be independent of recrientation of the principal stress and strain
directions. The expressions for the compression modulus (Equations

4.13 and 4.14) are derived from the expression for volumetric strain,
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FIGURE 4-8

MOHR'S CIRCLE IN STRAIN (a) AND IN STRESS (b) FNR
HOLLOW CYLINDER TEST SPECIMENS UNDER CONDITION OF
MAXIMUM INSTANTANEOUS TORSIONAL STRESS AND STRAIN
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thus those expressions are also independent of reorientation of the
principal stress and strain directions.

The dynamic shear modulus under torsional loading conditions may
be calculated by the following expression:
ATGz
AYez

G = (4.20)

Under conditions where only one modulus can be directly calculated
from the data presented, or where it is desired to predict the effective
Poisson's ratic under combined vertical and torsional loading conditions,

the following expression may be used:

E=2(l+yu) "G (4.21)

Data Reduction

A computer program has been written which calculates values of the
tangent and secant dynamic compression moduli, the dynamic shear modulus,
and the magnitude and direction of the maximum principal stresses and
strains from the raw test data as a function of the Poisson's ratio.

This computer proaram is called Program HC, and is included as Appendix
D-2.

Example results of this testing series, as reduced from Program HC,
are presented in Appendices B-4 through B-6, and complete results are
summarized in Chapter 6. The complete results are available in Griffin

(1980) .
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Dampin

Introduction ;

In both the triaxial resonant-column and the thin-walled hollow
cylinder testing series energy is dissipated during dynamic loading due
to damping. Generally speaking, the greater the strain amplitude,
the greater will be this energy loss. With closely monitored laboratory
tests such as these, the energy loss measured is due solely to the
inelastic response of the materials under test, and is sometimes
referred to as hysteretic damping or friction damping. If the material
behaves linearly and elastically, the energy loss and thus the
damping, will be 2zero. As long as the damping is small, it is quite
possible (and common practice) to treat the peak-to-peak stress strain

response as an "equivalent-linear" modulus, and introduce damping as

an energy dissipation over time.

Resonant Column Testing

In the triaxial resonant-column testing series, the damping was

measured using either the amplitude decay technique or the multiplica-
tion factor apvproach. The first of these involves the excitation of
the specimen at its resonant freaguency and observing the acceleration
response as a function of time. When the driving force is abruptly
stopped, the sample will continue to oscillate freely, but the

acceleration amplitude will decay with time because of damping. The

value of the damping may be calculated as follows:

a
A -% <ln a—°) (4.22)

n
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where 4 = amplitude decay damping 3
n = number of cycles, where n >1
a, = acceleration amplitude of the 0 - th cycle
an = acceleration amplitude of the n - th cycle
This is illustrated graphically in Figure 4-9(a).
The amplitude decay damping is related to the ratioc of critical
damping, D, by the following expression:
27
A =—2T0_ (4.23)
Y1 - D?
and, for small values of damping, D may be expressed in percent as
follows:
D(%) = 4. 100% (4.24)
2T :
The use of the multiplication factor approach regquires a look at
the response spectrum for the specimen as shown in Figure 4~9(b). The

resonant frequency is obtained as described in Chapter 3; then freguencies
and amplitudes may be determined from other points along the "bell
shaped curve," as shown in Figure 4-9(b).

The sharpness of the "bell" is an indication of the energy
dissipation of the sample. A perfectly linear, elastic material would
respond at one precise resonant frequency, and would have a response
spectrum which is just a wvertical line at the resonant frequency.

The values of frequency and response shown in Figure 4-9(b) are i
convenient because they lead to relatively simple expressions for

calculating the damping. The values of fl and f2 were selected such

that the acceleration response at those frequencies was 1//2 times the




fl/, ;\'/2'1“ i

res
res 2

(b)

FIGURE 4-9  AMPLITUDE DECAY METHOD (a) AND MULTIPLICATION

FACTOR APPROACH (b) EQR COMPUTING DAMPING IN
RESONANT COLUMN TESTS
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maximum acceleration response occuring at or near resonance. Using
these frequencies, the damping may be expressed as follows:

T(E, - £)a
A= —2 ; 1 max (4.25)
res

or

p(s) = —2—1 T2X . 100% (4.26)
2 £
res
The value a, was selected such that the frequency at which it
occurred is equal to Y2 times the resonant frequency. In this case
the damping may be calculated as follows:
fi% a
A=X. amax | | 1 (4.27)
2 a Ao
max al
or
1 Acamax al
D(%) = — + 100% (4.28)
4| a Ao
max al
where Acamax = driving stress at a .y fesponse
Acal = driving stress at a, response

If the driving force is held constant throughout the response spectrum,

which is usually the case, Equations 4.27 and 4.28 reduce to the

following:
T a
A = 1 (4.29)
2a
max
and
!
D = - 100% (4.30)
4a
max

The practical advantage to using Equations 4.27 and 4.28 in the
a

form presented is that the factor [Aol ] does not change appreciably
al
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during testing, and normally needs to be measured only once. The
damping may then be calculated by merely knowing the acceleration
response and the driving stress at resonance throughout testing. The

damping equations may thus be rewritten as follows:

Ao
A = ;g:; . ( aamax) (4.31)
max
and
Ac
D(%) =6 - -a—aﬂﬂ (4.32)
max
where
100% [ ! ]
§ = 4 Ao (4.33)

‘ al
I

damping calibration factor

Hollow Cylinder Testing

In the thin-walled hollow cylinder testing series, the energy
dissipation is seen as a hysteresis loop stress-strain response, as
shown in Figure 4-10. The "equivalent linear" modulus is shown as the
ratio of peak-to-peak stress to peak-to-peak strain. In Figure 4-10,

the following equations may be written:

o,

AB = AB =~ (4.34)
Ae

38 = B'0 = -—33‘— (4.35)

E = é___B_ = A'B (4.36)

PS  GB B'O
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L UL

FIGURE 4-10 HYSTERETIC STRESS-STRAIN CURVE FOR DYNAMIC
VERTICAL LOADING IN HOLLOW CYLINDER TEST
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The damping may be expressed as follows:
A
L
A= (4.37)
Aaso * Parmio
where Al = area of the loop

AABO = area of the triangle ABO
AA'B'O = area of the triangle A'B'O
This value of hysteretic damping is related to the ratio of critical

damping by the following relationship:

A = 2 D

(4.38)
vl - p?

or, for small values of damping,

A
D(s) = bT3 100% (4.39)
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- Chapter 5
Low Strain Combined Cyclic Loading

Introduction

In this chapter the actual laboratory test results reduced from the
triaxial resonant column series will be presented. Shown in Figure 5-1
is a photograph of the resonant column testing device with a specimen in
place. Listed in Table 5-1 is a summary of the seventeen tests which
have been analyzed for this presentation.

As discussed previously, the moduli during dynamic combined loading
will change both with vertical strain amplitude and with compression-
shear interaction. The data will be presented in such a way that the two
effects may be seen both separately and together. The results will also

be presented as a function of the octahedral shearing strain.

Vertical Loading Alone

The dynamic compression modulus is shown as a function of the cyclic
vertical strain under conditions of vertical loading alone in Figure 5-2.
It should be noted that for all values of strain referred to herafter,
the single-amplitude values are used. The cyclic stress amplitudes
shown on drawings, however, are peak-to-peak values. This Figure includes
data from a variety of samples at various densities and confining pressures.
Superimposed upon the drawing are contour lines showing values of equal
vertical normal cyclic stress, Acz. From this Figure we can see that
the range of cyclic vertical normal stress used in this testing series

was from approximately 0.02 psi to 25 psi. The corresponding vertical

T e o g 3 L o P It ¥ S | #o7 Comrmprer e mp v S e SRS
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RESONANT COLUMN TESTING APPARATUS

FIGURE 5-1
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TABLE 5-1
Summary of Resonant Column Tests
‘ V-VERTICAL
TEST NO, Yd (g/cc) DR (%) ; 3e (KSC) MODE T-TORSIONAL
| C-COMBINED
1a-3 1.70 97.9 3.5 v
2AL-3 1.61 69.5 3.5 v
3aL-3 1.61 69.5 3.5 v
4AL-2 1.63 76.1 2.0 v
53-2 1.69 94.9 2.0 \'4
6A-1 1.69 94.9 0.5 v
7aL=-1 1.62 72.8 0.5 \'4
9BL-1 1.62 72.8 0.5 C
10B-1 1.70 97.9 0.5 C
11BL-2 1.64 79.3 | 2.0 c
12B-2 1.69 94.9 2.0 C
13BL-~3 1.64 79.3 3.5 Cc
14B-3 1.68 91.8 3.5 c
15CcM-1 1.68 9l1.8 0.5 T
16CL~1 1.64 79.3 0.5 T
17CL~3 1.64 79.3 3.5 T
18C-3 1.67 88.8 3.5 T

Yd = dry density of soil

D

g

R

3c

= relative density

= lateral confining pressure
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strain amplitudes were in the range of from approximately 10 5% to 3X10™ 2s.
It is interesting to note the steepness of the stress contours, indicating
that relatively small variations in strain amplitude will yield relatively
large variations in moduli.

To eliminate variations in the modulus-strain curves due to sample
peculiarities, density variations, and small measurement errors, it is
desirable to "normalize" these curves by plotting a "relative modulus" in
place of the absolute value of modulus. This technique allows a direct
evaluation of the relative variation of modulus with strain amplitude.

In Figure S5-3 six tests are normalized to the value of the modulus
at a single amplitude vertical strain of 5%X10 3s. This value was se-
lected to allow for comparison of these test results with those of the
higher strain, thin-walled hollow cylinder testing series which will be
presented in Chapter 6.

From Figure 5-3 it can be seen that the greatest rate of change of
modulus with strain amplitude occurs at the lowest confining pressures.
Although there is some variation in this rate as a function of density,
this variation is small when compared with the influence of the con-

fining pressure on the rate of variation.

Torsional lLoading Alone

The results of four tests in which pure torsional loading was ap-
plied to samples are presented in Figure 5-4. As with Figure 5-2, the
modulus (in this case the Shear Modulus) is seen to change as a function
of the strain amplitude. In these tests the range of the cyclic torsional

shear stress was from approximately .0l psi to 15 psi, very similar to
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the load range in vertical compression. The corresponding torsional

Sa

shear strain amplitudes were in the range of from approximately 4X10°
to 4X10 %s.

The shear modulus-shear strain curves were normalized to the modulus

at a shear strain of 5X10 ’% and presented in Figure 5-5. In this Figure

it can be seen that the relative variation of shear modulus with strain
amplitude is somewhat greater than the variation of compression modulus

shown in Figure 5-3 over a similar strain range.

Combined lLoading

Under conditions of simultaneous vertical and torsional dynamic
loading, the modulus will vary both as a function of the vertical strain
amplitude and as a function of the compression-shear interaction effects.
As indicated in Table 5-1, six tests performed under simultaneous com-
bined loading conditions have been presented and analyzed. These tests
represented two different densities and three different confining pres-

sures.
Interaction Effects

The effects of this interaction on two of these tests are shown in
Figure 5~6. 1In this Figure modulus-strain amplitude curves are plotted
for the two test specimens, with contours of equal shear strain ampli-
tude superimposed on the drawing. The curves labeled Yez < 10 “s are
those corresponding to the "virgin"” modulus-strain curve in which no

measurable compression-shear interaction effects are present. These

are the solid lines in this Figure.
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Strain Ratio Effects

These interaction effects can be isolated from the other factors
influencing the modulus value by plotting a normalized modulus vs. the
ratio of average shear strain, Yoz (see Chapter 2 for definition) to the
vertical normal strain, ez. The modulus should be normalized to the

modulus at that vertical strain amplitude on the "virgin" modulus-strain

These normalized plots were prepared for all of the combined loading
tests in this series, and are presented in Figures 5-7, 5-8, and 5-9, for
confining pressures of 0.5, 2.0, and 3.5 KSC, respectively. These normal-
ized curves are combined and summarized for those tests with a relative den-

sity of 95% in Figure 5-10; and for all combined loading tests in Figure 5-11.

Octahedral Shearing Strain Effects

As discussed in Chapter 2, the octahedral shearing strain, YOCT' is
a very useful toocl in evaluating the degradation of modulus with strain
amplitude. For these testing series a degradation of modulus has been
observed both with increasing dynamic axial strain, Aez, and with
increasing dynamic shear strain, AYez' The octahedral shearing strain
combines both of these types of straining, and should be very useful in
studying the combined degradation effects.

It should be noted that if the material is homogeneous and isotropic,
then the degradation of modulus with octahedral shearing strain, YOCT'
will be independent of how the strain was developed; i.e., from axial or
torsional straining.

In Figure 5-12 are shown the "virgin" normalized compression moduli,

T A ey e
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E/ ,» plotted vs. YOCT' Because these curves were developed by applying

EMAX
vertical loading alone to the soil specimens, the octahedral shearing ]
strain in that Figure is developed purely from vertical, radial, and
tangential normal straining. These normal strains correspond to the
principal strains in this case.

In the combined loading case, shear strains introduced in the Gz
“"plane" result in a reorientation of the principal strain directions;
thus, the octahedral shearing strain in this case is developed from the
combination of vertical, radial, and tangential normal strains, plus Sz
"plane" shear strains.

The variation of compression moduli with the virgin compression
moduli, as a function of octahedral sheariig strain is shown in Figures

5-13, 5-14, and 5-15 for confining pressures of 0.5, 2.0, and 3.5 Ksc,

respectively. These curves are combined with the virgin curves from

Figure 5-12 to determine the effects of shear-compression interaction,
and are presented in Figures 5-16, S5-17, and 5-18 for the same three
confining pressures. For the dashed curves the increased in YOCT arise

from increases in Yez with Ez held constant as shown. For the solid

curves, the increases in YOCT

as small as possible, typically less than 10 ‘s as shown. The intersection

arise from increases in ez with YBz held '

of the dashed curves and the solid curve occurs when the contribution of
Yez to YOCT is small compared to the contribution of ez for these tests.

Therefore the value of YOCT at which the intersection occurs can be

computed directly from €, for practical purposes.
In these Fiqures it is apparent that the two types of curves are
essentially coincident, and thus any shear-compression interaction effect

which is not accounted for by the use of the octahedral shearing strain
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is negligible.
The resultant best-fit normalized moduli-octahedral shearing strain

curves are presented in Figure 5-19.
Conclusions

The various test results were presented in different ways to evalu-
ate the relative compression-shear interaction under combined loading

conditions.
Strain Ratio Effects

From the results of the presentation of the relative normalized com-
pression moduli plotted against the ratio of average shear strain, Yez'
to vertical normal strain, sz, in Figure S5-11, it is apparent that there
exists a "threshold" strain ratio below which negligible interaction ef-
fects are observed. It appears that the minimum threshold strain ratio
in this testing program was approximately 1, where the average shear
strain equaled the vertical normal strain. This means that when the
shear strain, Yez' was numerically smaller than the vertical normal
strain the degradation of modulus due to Yez was negligible.

Also apparent is the fact that the moduli-strain ratio curve and the
threshold strain ratio depend primarily upon the vertical normal strain
amplitude. The effects of confining pressure and relative density upon

these curves appears to be very small.
Octahedral Shearing Strain Effects

From the results of the presentation of normalized compression
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moduli plotted against the octahedral shearing strain in Figure 5-19 it

appears that the compression-shear interaction is directly predictable or

"expressible" by use of the octahedral shearing strain. §

7 The maximum octahedral shearing strain developed in this testing

2

series was approximately 3X10 2s.
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ChaEter 6

High Strain Combined Cyclic Loading

Introduction

In this chapter the results of the thin-walled hollow cylinder testing
program will be presented. A photograph of the testing apparatus is shown
in Figure 6-1. A summary of the twenty-one tests which make up this
testing series is presented in Table 6-1.

As with the low strain triaxial resonant column testing program, the
data is presented in such a manner that changes in the dynamic compression
modulus due to vertical strain amplitude and due to combined loading in-
teraction may be evaluated separately and independently of one another.
Additionally, the vertical compression stress-strain response under con-

ditions of very high shear loading will be presented and discussed.

Vertical Loading Alone

In Figure 6-2 the dynamic compression modulus is shown as a function
of the vertical normal strain for a value of the Poisson's ratio of 0.34.
The curves shown are "virgin" curves, with no simultaneously applied shear
loading. The value selected for the Poisson's ratio is near the center
of the normal range of from approximately 0.2 to 0.5. Variation of the
Poisson's ratio within that range will have little effect upon these
curves, since the calculated value of the compression modulus is not very
sensitive to the Poisson's ratio.

Superimposed upon Figure 6-2 are contours of equal values of cyclic

vertical normal stress, Aoz. The range of Aoz in this testing series was
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FIGURE 6-1 HOLLOW CYLINDER TESTING APPARATUS
AND CONTROL PANEL
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Surmary of Hollow Cylinder Tests

TABLE 6-1

|

TEST NO. | Y, (g/ce) | Dp (V) | O, (KSC) | MODE Z:Zﬁ:gi;g;
B10-1 1.68 91.8 0.5 c
Bl1l-1 1.67 88.8 0.5 c
B12-2 1.69 94.9 2.0 c
B13-3 1.69 94.9 | 3.5 c
AB15-2 1.7 100.0 2.0 vec
B16-2 1.69 94.9 2.0 c
B17-3 1.69 94.9 3.5 c
Ble-1 1.70 97.9 0.5 c
B19-2 1.68 91.8 2.0 c
B20-3 1.67 88.8 3.5 c
B21-1 1.67 88.8 0.5 c
B22L-1 1.58 59.3 0.5 c
B23L-2 1.58 59.3 2.0 c
B24L-3 1.55 48.7 3.5 c
a25L-1 1.59 62.7 0.5 v
A26L-2 . 1.56 52.3 2.0 v
a27L-3 1.55 48.7 3.5 v
A28-3 1.69 94.9 3.5 v
B29-3 1.68 91.8 3.5 c
B30L~3 1.58 59.3 3.5 c
B31-1 1.68 91.8 0.5 c

= dry density of soil

= relative density

= lateral confining pressure
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from approximately 1 psi to 100 psi. For low confining pressure tests
particularly, these values of AUZ led to significant principal stress
ratios during cyclic loading. These principal stress ratios are sum—
marized in Table 6-2. Not all of the values in Table 6-~2 were actually
reached in the test specimens. Figure 6-2 shows the combinations of c3c
and Acz actually attained during testing.

Vertical strain amplitudes achieved during this testing series were

in the range of from approximately 2X10 %% to 2x10 !

%.

The compression moduli shown in Figure 6-2 were normalized against
the moduli at a vertical normal strain of 5X10 %, as shown in Figure 6-3.
As with the low strain resonant column testing program, the variation of
relative compression modulus with strain amplitude appears to be primarily

a function of the confining pressure, with a lower confining pressure cor-

responding to a greater rate of degradation.

Combined Loading

As with the low strain resonant column testing program, cyclic loading
tests under conditions of simultaneous vertical and torsional loading were
performed on a number of hollow cylinder samples. The specimens tested
represented two different densities and three different confining pres-

sures.
Strain Measurements

In this testing series the value of the relative rotational displace-
ment of the top of the specimen (and thus the shear strain) was measured

directly with an LVDT mounted on the side of the specimen. Although the




TABLE 6-2

MAXIMUM PRINCIPAL STRESS RATIOS DURING CYCLIC LOADING - (01/03)

O3 (KSC)

Acz (psi) 0.5 2.0 3.5

s 0. (Consolidation) 1.85 1.85 1.85
20. 3.21 2.19 2.04

40. 4.57 2.53 2.24

60. 5.93 2.87 2.43

! 80. 7.29 3.21 2.63
100. 8.65 3.55 2.82

i
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relatively larger measurements were consistent, the relatively smaller
shear strain measurements were somewhat erratic. This was found to be
primarily due to the LVDT core friction, which was significant at very
small displacements, causing the LVDT to "hang-up" and under-measure the
true shear strain. This difficulty was not overcome by great care in
setting up the LVDT to avoid core contact, because consolidation and
dynamic straining quickly re-created the core friction problem.

The problem was further complicated by the fact that the calculated
shear modulus values were extremely sensitive to the very small shear
strains. A relatively minor variation in the measured shear strain could
result in a large error in the calculated modulus, and would result in
unreasonable predicted values for Poisson's ratio.

It was concluded that a more accurate estimate of the actual shear
strain could be obtained using the measured stresses and vertical strain
together with the elastic theory formulations developed in Chapters 2, 3,
and 4.

The measured values of strain and stress provided a redundancy of
data from which a Poisson's ratio could be computed. Because the shear
strain is relatively insensitive to the value of the Poisson's ratio, the
computed values of the Poisson's ratio are extremely sensitive to small
errors in shear strain. By back-calculating values of the shear strain
for various values of Poisson's ratio, a much more accurate evaluation of
the shear strain may be made.

The measured values of the vertical and shear stress were obtained
with calibrated differential pressure transducers attached to the loading
cylinders, and are relatively accurate and consistent in determining

those stress values. The vertical strain was measured with a proximeter

‘L-nnnnnﬁinnilniiiiﬁaﬂniiﬁz“““””5355‘;2"“""1'““‘ s o . : “
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device, which accurately measures displacements without physical contact,
avoiding the core friction problem. These data measurement devices are
discussed in more detail in Appendix A~2.

When values of the shear strain were calculated from the measured
stresses and vertical strain values, and for various values of Poisson's
ratio, as described above, they were found to be in the same relative
range as the measured values, but were generally slightly larger.

In the example of test results, presented in Appendices B-~4 through
B-6, both the measured and the calculated values of the shear strain are
presented. The calculated values of the shear strain were used in
developinag the values of the shear modulus, G, and the strain ratios
and octahedral shearing strains used in this chapter. The complete test

results are reported elsewhere (Griffin, 1980).

Strain Ratio Effects

Normalized plots showing the degradation from the "virgin" modulus
as a function of the ratio of shear strain to vertical normal strain were
prepared for three different confining pressures. The resulting plots
are shown in Figures 6-4, 6-5, and 6-6 for lateral confining pressures of
0.5, 2.0, and 3.5 KSC, respectively.

The plotted modulus reduction curves shown in Figures 6-4 through
6-6 are combined and summarized in Figure 6-7 for two values of vertical
normal strain: 10 '% and 10 2s.

The effect of varying the Poisson's ratio is to vary the strain ratio

slightly. This effect is shown in Figure 6-8.

.

o e -
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Octahedral Shearing Strain Effects

As with the presentation in Chapter 5, the usefulness of the octahe-
dral shearing strain in predicting compression-shear interaction was
evaluated.

In Figure 6-9, the "virgin" normalized compression moduli curves are
shown plotted against the octahedral shearing strain. For the data in
these curves the principal strain directions are coincident with the
vertical, radial, and tangential directions, and do not rotate during
loading.

In the combined loading tests, the principal strain axes in the 6z
"plane" rotate continuously during loading, and the octahedral shearing
strain arises from the combination of normal and shear strains in the
vertical, radial, and tangential directions. The variation of the nor-
malized compression modulus with octahedral shearing strain under com-
bined loading conditions for a vertical normal strain amplitude, Ez' of
0.1%, are presented in Figures 6-10 through 6-12 for lateral confining
pressures of 0.5, 2.0, and 3.5 KSC, respectively. These data are com-
bined for comparison purposes in Figure 6-13.

It is apparent from the data presented in Figure 6-12 that the mod-
ulus degradation curve for a vertical normal strain of 0.1% is influ-
enced primarily by the octahedral shearing strain amplitude, and is es-
sentially independent of the confining pressure. It is therefore pos-
sible to draw one best-fit curve through the data as shown in Figure 6-13.

Similarly, a best-fit curve was drawn through the data for a vertical

normal strain of approximately 2X10 %% as shown in Figure 6-14.
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1
1.0 }— A —
A A
— -
— -
|
0.01 0.1 0.4

OCTAHEDRAL SHEARING STRAIN - YocT ()

FIGURE 6-9 DEGRADATION OF NORMALIZED COMPRESSION MODULUS WITH
OCTAHEDRAL SHEARING STRAIN FOR CONDITION OF VERTICAL
LOADING ALONE
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FIGURE 6-10 DEGRADATION OF NORMALIZED COMPRESSION MODULUS WITH

OCTAHEDRAL SHEARING STRAIN AT o3¢ = 0.5 KSC FOR
SEVERAL COMBINED LOADING TESTS WITH A CONSTANT
VERTICAL STRAIN OF 107'%
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FIGURE 6-11 DEGRADATION OF NORMALIZED COMPRESSION MNDULUS WITH
OCTAHEDRAL SHEARING STRAIN AT o3¢ = 2.0 KSC FOR
SEVERAL COMBINED LOADING TESTS WITH A CONSTANT
VERTICAL STRAIN OF 107%~
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FIGURE 6-12 DEGRADATION OF NORMALIZED COMPRESSION MQODULUS WITH
OCTAHEDRAL SHEARING STRAIM AT o3, = 3.5 KSC FOR
SEVERAL COMBINED LOADING TESTS WITH A CONSTANT
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FIGURE 6-13 SUMMARY OF DEGRADATION OF NORMALIZED COMPRESSION
MODULUS WITH OCTAHEDRAL SHEARING STRAIN FOR ALL
COMBINED LOADING TESTS AT A CONSTANT VERTICAL
STRAIN OF 107 1'%
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MODULUS WITH OCTAHEDRAL SHEARING STRAIN FOR ALL
COMBINED LOADING TESTS AT A CONSTANT VERTICAL
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These relative moduli-octahedral shearing strain curves were then
combined with the virgin curves presented in Figure 6-9 to obtain the
curves presented in Figures 6~15 through 6-17 using the procedure de-
scribed for Figures 5-16 through 5-18. These plots were then combined
for comparison purposes in Figure 6-18.

Unlike the results of the low strain resonant column presentation in
Figures 5-16, 5-17, and 5-18, the curves summarized in Figure 6-18 show a
distinct variation depending on how YOCT was developed; e.i., from verti-
cal compression or from shear straining. Of course part of the variation
shown in Figure 6-18 is due to variations in confining pressure, which
was illustrated in Figures 6-15 through 6-17. For low confining pres-
sures, the modulus appears to degrade more rapidly as a result of dynamic
normal vertical straining than shear straining. For higher confining
pressures, the reverse appears true. Superimposed upon Figure 6-18 is an
interpolated curve where it appears that the degradation of modulus is
independent of the source of YOCT' This curve has been labeled the "no

"

interaction line," and appears at a lateral confining pressure of appro-
ximately 1.0 KSC.

To further summarize the results of this testing series, a set of
best-fit curves have been presented in Figure 6-19 to show the degrada-
tion of normalized compression modulus with YOCT irrespective of the

strain path. It is noted that the data varies from these curves to a

greater degree than the comparable curves in Figure 5-19.

High Shear Strain Effects

Several combined loading tests were performed under conditions of
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NORMALIZED COMPRESSION MODULUS E/EMAX

1.0 — —

0.5 KSC

]
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OCTAHEDRAL SHEARING STRAIN - YOCT(%)

FIGURE 6-15 DEGRADATION OF NORMALIZED COMPRESSION MODULUS WITH
OCTAHEDRAL SHEARING STRAIN AT 03¢ = 0.5 KSC FOR
BOTH VERTICAL AND COMPINED LOADING TESTS
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NORMALTZED COMPRESSION MODULUS E/E

NO INTERACTION LINE
(SEE TEXT)

~ =20
— £, ® 2 X 10 “~

Vertical Only
Combined Loading — — == —

Combined Loading ===« —-«
€, = 1 X107

0.0%

0.1
OCTAHEDRAL SHEARING STRAIN - YocT ()

FIGURE 6-18 DEGRADATION OF NORMALIZED COMPRESSION MODULUS WITH
OCTAHEDRAL SHEARING STRAIN FOR ALL VERTICAL AND

COMBINED LOADING TESTS
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FIGURE 6-19 SUMMARY OF DEGRADATION 0NF NORMALIZED COMPRESSION
MODULUS WITH OCTAHEDRAL SHEARING STRAIN
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relatively very high shear strains, but it was very difficult, if not
impossible, to determine accurate modulus values from these test results
because of the shape of the hysteretical stress-strain plots. Several
typical plots are shown in Figure 6-20.

The odd shapes of these hysteretic stress-strain plots provide a clue
to the behavior of soils under tnese lcading conditions. It is noted, for
example, that several plots closely approximate a "Figure-8" shape, having
two distinct loops. A Lissajous-figure analysis of a standing "Figure-8"
would indicate an out-of-phase relationship, with the vertical axis at
half the frequency of the horizontal axis. In the case of the hollow
cylinder specimens it indicates that the soil sample is displaying two
cycles of vertical strain for each cycle of vertical stress.

If we consider the case of a uniformly graded granular material with
a relatively dense packing, the matrix of grains might look something like
that shown in Figure 6-21(a). As large shear stresses are applied to the
material in one direction, one grain would tend to "ride-over" another,
resulting in a vertical displacement. As the shear stress reversed its
direction in time, the grain would return essentially to its original
packing position, then "ride-up" again upon another grain as shown in
Figure 6-21(b). This effect would evidence as two cycles of vertical
straining for each shear stress cycle, as shown in Figure 6-21(c).

In the case of relatively very high shear stress loading, the verti-
cal straining resulting from this process might be large in comparison
with the vertical strain induced by vertical loading. If this is the
case, then a "Figure-8" stress-strain plot will result, as was observed

in several tests. The other observed odd-shaped plots may be explained
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(a)
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FIGURE 6-21 MATRIX OF A UNIFNRMLY GRADED GRANULAR MATERIAL (a)
AND DETAIL OF VERTICAL NORMAL STRAIN RESULTING FROM
APPLICATION OF SHEAR STRESS (b) INCLUDING TIME HISTORIES (c)
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by similar reasoning, considering phase effects and various combinations
of vertical strain induced by vertical loading and shear loading.

It should be noted at this point that the consideration of a shear

stress producing a normal strain is a coupling effect and is thus contrary

to the assumptions of the applicability of elastic theory and Hooke's Law
to this study.

This postulated theory of behavior is introduced only to aid in the

understanding of soil behavior under conditions of very high shear straining,

where inelastic, non-linear effects are apparent.
Conclusions

As in Chapter 5, the test results from this testing series were pre-
sented in different ways. The degradation of modulus was presented both
as a function of the strain ratio, Yez/ez’ and as a function of the octa-

hedral shearing strain, High shear strain effects were also ex-

Yocr
plored.

Strain Ratio Effects

The result of the first presentation, summarized in Figure 6-6, in-
dicates that there exists a relatively consistent threshold strain ratio
below which interaction effects are negligible. In the case of the high
vertical normal strain tests, where ez > 0.1%, the threshold strain ratio
fell to as low as 0.5, indicating that shear strains below 0.05% would
have negligible effect in further degradation of modulus.

As with the low strain resonant column testing series, the normalized

modulus curves were found to be relatively independent of relative density
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within the range tested but were moderately dependent upon confining pres-
sure. The magnitude of the interaction effects appears to be greater at
lower confining pressures. This effect may be explained by the fact that

the principal stress ratios, (01/0 )

3 vax’ during cyclic loading increase

very rapidly at lower confining pressures as shown in Table 6-2; so that
the soil material more closely approaches a failure condition in these
tests. If the incremental modulus degrades more rapidly with higher
stress increments, which was observed in the hysteretic stress-strain
plots for these tests, then greater straining (and greater interaction)

is to be expected.
Octahedral Shearing Strain Effects

The second presentation was of the degradation of modulus with the

octahedral shearing strain, Yy summarized in Figures 6-18 and 6-19.

ocr’
Unlike the low strain resonant column testing series results, there was

some variation in the degradation curves depending upon how the ¥ s

oct “@
developed.
This variation is proportional to the interaction effect not ac-

counted for by using YOCT' However, it was possible to select best-fit

curves of normalized modulus vs. Y

ocT (Figure 6-19) for which the varia-

tions from the best-fit curves is quite acceptably small, except where
YOCT becomes very large. When Yocr becomes very large and the confining
pressure is relatively low, the assumptions on which the various deriva-
tions were made become invalid as discussed earlier.

Thus the accuracy of the normalized curves presented in Figure 6-19

decreases progressively with increasing YOCT' as can be judged by com-
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paring them with the curves of Figure 6-18 from which they were derived.
The highest octahedral shearing strain used in this testing series

was approximately 0.5%.

High Shear Strain Effects

An analysis of soil behavior involving the modeling of uniformly
graded granular soil as a collection of discrete particles was presented
to help explain the observed soil response to high cyclic shear strains
imposed simultaneously with relatively low amplitude vertical loading.
The test data presented in Figure 6-20 indicated inelastic, non-linear
response of the soil material; specifically, significant vertical normal
strains were observed to result from the application of high horizontal
shear stresses. When such coupling response is significant, elastic

theory and Hooke's Law would not apply.
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Chapter 7

Comparison of Laboratory Test Results

Introduction

In both the triaxial resonant column testing series and the thin-
walled hollow cylinder testing series, the effects of combined compression
and shear loading were explored. The two testing series were conducted
differently, producing different stress histories and different ranges of
strain amplitudes. It is the purpose of this chapter to further develop
the data presented from these two testing series in Chapters 5 and 6, and
to develop a set of curves showing the loading effects over the full range

of strains observed during testing.

Vertical Loading Alone

The compression modulus was plotted against the vertical strain under
conditions of vertical compression loading alone in Figqures 5-2 and 6-2.
These figures were then normalized to the value of compression modulus at
a vertical strain of Ez = 5 X 10 3%, with the resulting curves shown in
Figures 5~3 and 6-3. The value of Ez selected for normalization was
chosen to maximumize the amount of overlap in the data and to provide a
simple means of combining the two sets of results.

The data from Figures 5-3 and 6-~3 were combined and presented in
Figure 7-1. These curves were then replotted in Figure 7-2 normalized to

the maximum compression modulus at a vertical strain of Ez = 10 °s.
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Mean Confining Stress

As indicated in these figures, the combined results were plotted for

different values of lateral confining pressure, O During the triaxial

3¢’

resonant column testing series, samples were consolidated in such a way

; so that the

that normal stresses in every direction were equal to G3c

mean confining stress during consolidation, om, may be written:

o + O + 0
o _ lc 2¢c 3c = o (7.1)
m 3 3¢

With the thin-walled hollow cylinder test specimens, however, the

principal stresses are not all equal during consolidation, but are as

follows:
clc = 1.85 - 03c ’ (7.2)
O, = W (olc + oac) ' (7.3)
and c3c = O4.- (7.4)

The mean confining stress during consolidation becomes:

olc + 02c + 03c (1 + ) - 2.85 - 03c
c = = (7.5)
m 3 3

And where u = 0.34, Om may be written:

c = 1.273 - © (7.6)
m 3c

Because the degradation of modulus with vertical strain for the two
testing series may be better represented as a function of the mean con-
fining stress than the lateral confining stress alone, it is desirable to

replot the data from Figure 6-3 for values of Om of 0.5, 2.0, and 3.5 KSC,




In order to accomplish this replot, the variation of the normalized com-
rression modulus was first plotted against the mean confining pressure,

gm' for a constant range of strain. This plot is shown in Figure 7-3, with
the vertical strain range of from Ez = 5X10 2 to Ez = 10 '%. The circled
data points in this fiqure come directly from the data in Figure 6-3,
where Om is related to O3c by Equation 7.6. The triangles represent in-
terpolated data points for Om values of 0.5, 2.0, and 3.5 KSC.

With the data represented by the triangles in Figure 7-3, it was pos-
sible to replot Figure 6-3 to reflect the desired values of cm. This plot
is shown in Figure 7-4.

From Figures 7-4 and 5-2 it was possible to replot the normalized
compression modulus-vertical strain curves in Figure 7-2 in terms of the
mean confining stress, Om. This new plot is shown in Figure 7-5. It is
noteworthy that the difference between this figure and Figure 7-2 is small.
There is a somewhat more rapid degradation of modulus with increasing

strain for the Om curves than for the comparable ¢ curves.

3¢

Octahedral Shearing Strain

In Chapter 5 it was noted that the normalized compression modulus
degraded with the octohedral shearing strain relatively independently of
how that strain was developed: e.i., whether from vertical loading alone
or from combined vertical and torsional lcading. It was concluded there-
fore, that for the resonant column data, compression-shear interaction
could be completely accounted for by using the octahedral shearing strains.

In Chapter 6 some compression-shear interaction effects (for hollow

cylinder specimens) were noted which were not completely accounted for by
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STRAIN FOR HOLLOW CYLINDER TESTS UNDER CONDITION OF VERTICAL
LOADING ALONE FOR MEAN CONFINING PRESSURE, c_, OF 0.5, 2.0,
AND 3.5 KSC m
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the use of the octahedral strain. Nevertheless, it was possible to
develop a family of "best fit" octahedral strain curves which represent
an excellent approximation of the variation of normalized compression
modulus with octahedral shearing strain under a wide range of combined
loading conditions.

The octahedral shearing strain curves were presented in Figures 5-19
and 6-19 for the two testing series. Using the technique described above
to develop a series of curves for values of Om of 0.5, 2.0, and 3.5 KsC,
these two figures were combined as shown in Figure 7-6. This figure may
be used with reasonable accuracy to predict the degradation of modulus

with octahedral shearing strain for Monterey No. O sand or a similar sand.

Strain Ratio Effects

Another way of evaluating the compression-shear interaction effects
upon the degradation of modulus with strain was discussed in Chapters 5
and 6, and was referred to as the strain ratio effect. Simply stated,
the method involved the use of the strain ratio degradation curves pre-
sented in Figures 5-10 and 6-7, where the degree of degradation was shown
as a function of the ratio of shear strain to vertical normal strain for
specific values of vertical normal strain. To predict the degradation
of compression modulus under any straining condition, one would first
determine the degradation resulting from the vertical straining alone;
then that degradation would be further reduced by the reduction factor
determined from the strain ratio figures.

The initial degradation of modulus resulting from vertical straining

alone may now be obtained directly from Figure 7-5. To provide a summary
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figqure for obtaining the additional degradation resulting from the exis-
tence of simultaneous shear straining, a set of strain ratio curves were
plotted for values of vertical strain of 10-1, 10_2, 10-3, and 10 “s.

These curves appear in Figure 7-7.

Conclusions

The presentations made in Chapters 5 and 6 regarding the degradation
of modulus with strain under combined compression-shear loading conditions
were further developed to provide data curves over the entire strain range
observed during the two testing series. These curves may be used to pre-
dict degradation of modulus under conditions of simultaneous compression-

shear loading with reasonable accuracy.

Octahedral Shearing Strain Effects

The degree of degradation of modulus may be predicted by calculating
the octahedral shear strain from the complete strain state, and interpo-
lating from the curves in Figure 7-6. This degradation may then be ap-
plied to an estimate of the maximum, low-strain modulus to determine the
modulus corresponding to a given state of strain. The maximum modulus
value may be obtained either from a laboratory or field test, such as a
seismic survey to obtain P-wave velocity, or from published data showing

typical values of low-strain compression moduli at various mean confining

stresses. The values of low-strain moduli observed in these testing series

are shown in Figures 5-2 and 6-2, and are available in more detail else-

where (Griffin, 1980).
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Strain Ratio Effects

The degree of degradation of modulus may also be estimated if the
vertical normal strain and the horizontal-vertical shear strain are known.
The degradation resulting from vertical straining alone is first deter-
mined from Figqure 7-5, then the additional degradation resulting from
shear straining is obtained by interpolating from the curves in Figure
7-7. Because of the difficulty in making the logarithmic interpolations
in Figure 7-7 the octahedral shearing strain technique described earlier
appears more promising for estimating compression modulus values for

analysis purposes.




Chapter 8

Large Scale Model Studies

Introduction

It is the purpose of this chapter to present the observed soil re-

sponse for a series of large scale dynamic model studies on slopes of

sand. Because the significant response is primarily due to yielding within

the soil slope, which is beyond the elastic range of loading for the soil
material, conventional elastic response analysis techniques are of little
value. An attempt will be made to predict the point at which yielding
begins using an analysis technique proposed by Seed and Goodman (1964).

In earlier chapters, compression-shear interaction effects were
studied under a variety of combined loading conditions on laboratory sam-
ples of sand. Interaction effects were presented in such a manner as to
show their influence upon the dynamic moduli of the sands under various
conditions of density, confining pressure, and strain amplitude. One
major advantage of this form of presentation was that there exist a large
number of elastic analysis techniques which employ the dynamic moduli to
predict soil response, thus allowing for relatively simple application of
these research findings in conventional elastic analysis methods.

In order to evaluate any interaction effects occurring bevond the
elastic loading range of the soils, it was necessary to perform a soil
loading test in which yielding occurs with simultaneous shear-compression
dynamic excitation, and for which an accurate analysis technique has been

developed. These slope model studies appeared to meet those criteria.
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Test Set-up

The model studies were conducted on the 20 ft x 20 ft shaking table
located at the Earthguake Simulator Laboratory at the Richmond Field Sta-
tion, Earthquake Engineering Research Center, University of California,
Berkeley, California. This table can move in one horizontal direction
and the vertical direction, It was designed to exactly reproduce dynamic
accelerations, velocities, and displacements, within certain limits, from
analog records stored on either magnetic tape or disk. A detailed descrip-
tion of this shaking table has been provided by Rea (1972) and by Rea and
Penzien (1972).

The cross-section of a typical soil slope specimen is shown in
Figure 8-1. In this figure, four accelerometers and four DC linear vari-
able displacement transformers (labeled DCDT) are shown. In addition to
these, the table itself is heavily instrumented with accelerometers and

displacement transducers.
Test Box

The inside dimensions of the test box in which the soil slope speci-
mens are formed are approximately 84.2 in x 42.5 in x 21.7 in, with a tri-
angular spacer in one corner approximately 15.8 in on each side, placed
at an angle of approximately 45° with the horizontal. The test box was
bolted securely to the shaking table, and a layer of high-strength
"hydrostone” cement mortar was placed between the box and the table, and
in the base of the box to assure rigid, solid contact between the two.

The test box is shown in Figure 8-2(a), and the bracing behind the
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ACC 2
ACC 1 _~

FIGURE 8-1 CUT-AWAY VIEW OF TYPICAL SLOPE SPECIMEN
SHOWING LOCATION OF INSTRUMENTATION
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FIGURE 8-2 DETAIL OF TEST BOX (a) AND BRACING

a)
BEHIND SPACER BOARD (b)
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spacer board is shown in Figure 8-2(b). The bracing was installed to in-
sure a stiff response of the spacer board during loading, so that its de-
flection during loading would be very small when compared with the dis-
placements of the soil slope.

Before the test box was used for this testing series, a thin film of
high-strength epoxy was sprayed upon the back, spacer board, and bottom,
and a thin layer of the test sand placed upon those surfaces.

The sand used in this testing series was the same Monterey No. 0 sand

used in the hollow cylinder and resonant column testing series.

Forming Test Specimens

Slope specimens were formed by placing sand into a "mold" formed
within the test box, and vibrating the sand, one lift at a time, until the
desired slope height was obtained. Vibration was done by the shaking
table. The forming "mold" assembly is shown in Figures 8-3(a) and (b).

A typical completed soil specimen is shown in Figures 8-4(a) and (b},
with instrumentation in place. A closeup of the placement of the DCDT's
on the soil slope surface is shown in Figure 8-5(a). As placed, the core
of the DCDT's have a very thin (.01 in diameter), stiff 2 in length of
piano wire protruding from them. This piano wire is coated with a very
thin film of epoxy, and carefully inserted into the soil slope surface.
The DCDT's are then zeroed by adjusting their position relative to their
cores in the mounting bracket. Once the epoxy film hardens, the sand im-
mediately surrounding the piano wire protrusion is cemented to the wire,
but its fabric remains relatively undisturbed. A closeup of this wire,

epoxy, sand cementation is shown in Figure 8-5(b).
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FIGURE 8-~3 TWO VIEWS OF FORMING MOLD ASSEMBLY
USED WHEN CONSTRUCTING SLOPE SPECIMENS
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FIGURE 8-4 TWO VIEWS OF A COMPLETED, INSTRUMENTED
SLOPE SPECIMEN READY TO BE TESTED
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‘ FIGURE 8-5 DETAIL OF PLACEMENT OF DCDT CORE PROBES
i ON THE SURFACE OF A SLOPE SPECIMEN (a),
AND OF SAND-EPOXY BOND ON WIRE PERTUSION
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Summary of Tests

The tests performed in this testing series are summarized in Table

Soil Strength Characteristics

Because the yielding which occurs along the outer surface of the soil
slopes is of primary importance to this study, it is important to know ac-
curately the shear strength characteristics of the outermost soil slope
materials,

The soil slopes were formed by vibrating soils within a forming mold,
which was later removed. It is highly probable that passive pressures and
other stress concentrations developed during sample formation resulted in
non-uniform distribution of densities within the slopes. It is therefore
necessary to determine the shear strength characteristics of the outer-
most soil materials by methods other than conventional shear~strength vs

density correlations.

Static Slope Failure

In Test No. 9, shown in Table 8-1, a marginal static slope failure
occurred soon after the slope was formed. This observed failure, which
was a shallow sloughing failure, provides a probable upper bound for the

angle of internal friction, ¢, of:

~ - 7.6° -
¢MAx oLfailure 37.6 (8-1)
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TABLE 8-1
Summary of Soil Slope Model Tests
Test Test Code oy | Mode (Horizontal ’
No No. o(®) DR(%) aV/ah wi®) . Record or Combined)
i
1 291075.1 33.6 80 - -~ ! A H
2 301075.1 33.6 80 .67 33.7 ) A C
3 311075.1 33.6 95 - -— A H
4 101175.3 33.6 95 .67 33.7 . A o
4B 120576.1 33.6 95 .67 33.7 A C
5 041175.1 35.3 95 - -— A H
5a 100576.1 35.3 95 -~ -— A H
6 051175.1 35.3 95 .67 33.7 A C
6A 110576.1 35.3 95 67 33.7 , A c
7 061176.1 35.3 80 - - a H
8 101175.2 35.3 80 .67 33.7 ; A C
7X 140576.1 35.3 80 - - B H
8X 170576.1 ‘ 35.3 80 .67 33.7 B c
8Y 190576.1 35.3 80 .75 36.9 ! B C
82 250576,1 ! 35.3 80 .60 31.0 B C
9 021175.* | 37.6 | 95 (Static Slope Failure)
| | | .;
where O 1s the angle of the slope,
DR is the relative density of the soil,
aV is the peak vertical acceleration,
is the peak horizontal acceleration, and
w 1is the angle of application of the resultant acceleration.

e
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Direct Shear Tests

During the testing series, two groups of special direct-shear tests
were performed on the outermost soils of the slopes after they had been
formed and were ready for testing. These direct-~shear tests were per-
formed by placing a lightweight block, specially prepared with a thin
layer of sand epoxied to it, upon the surface of the slope. The block
was then pulled upslope with a string until yielding occurred. As shown
in Figure 8-6, if the weight of the block and the string tension are
known, the normal and shear stresses on the failure surface at yielding
are easily calculated.

In Tables 8-2 and 8-3 the calculated values of N and S and the normal
and shear stresses on the failure surface at yielding are shown for aver-
age relative densities of 95% and 80% respectively. From these tables,
the shear strength plots shown in Figures 8-7 and 8-8 have been developed.
From these figures it appears that the shear strength characteristics of
the outermost slope materials are approximately the same even when the

average soil densities are not, and are defined by the following equation:
S = s, «- £ +N - tan¢ (8.2)

where S5 is the shear strength intercept, £ is the length, and ¢ is the

angle of internal friction. Equation 8.2 may be rewritten as follows:
S = 0.029 . £ + N - tan(35.4°) (8.3)

It is interesting to note at this point that the value of s, is very
small, and that the values of si and ¢ are much smaller than those used

by Seed and Goodman in their studies involving Monterey sand. There are
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T
S = T- Sw
N = N
W
Sw = Wsina
Nw = W cosa

FIGURE 8-6 DIAGRAM OF FORCES ACTING ON THE SLIDING
BLOCK USED IN SURFACE DIRECT SHEAR TESTS
PERFORMED ON SLOPE SPECIMENS
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TABLE 8-2
N and S for DR ~ 95%
W cosa W sina
A A
Test a(®) W(lb.) N(psi) | =Sy (psi) + T(psi) = S(psi)

060576.0 33.5 0.1552 .0032 .0021 . 0040 .0019
0.5847 .012 .008 .0164 .0084
1.2339 .0254 .0168 .0333 .0165
0.3849 .0079 .0052 .0098 .0046
0.1552 .0032 .0021 .0047 .0026
0.5847 .012 .008 .0166 .0086
0.1552 .0032 .0021 .0041 .002
0.5847 .012 .008 .0151 .0071

100576.1 35.3 0.1552 .0031 .0022 .0047 .0025
0.3849 .0078 .0055 .0121 .0066
0.5847 .0118 .0083 .018 .0097
0.8144 .0164 .0116 .0249 .0133
0.1552 .0031 .0022 .0046 .0024
0.3849 .0078 .0055 .0112 .0057
0.5847 .0118 .0083 .0179 .0096
0.8144 .0164 L0116 .0257 .0141
0.1552 .0031 .0022 .0044 .0022
0.3849 .0078 .0055 .0105 .005
0.5847 .0118 .0083 .0163 .008
0.8144 .0164 .0116 .0238 .0122 .
0.1552 .0031 .0022 .0043 .0021
0.3849 .0078 .0055 .0106 .0051
0.5847 .0118 .0083 .0156 .0073
0.8144 .01l64 .011l6 .0216 .01
0.3849 .0078 .0055 .011 .0055
0.8144 .01l64 .0116 .0238 .0122

110576.1 35.7 0.1552 @ .0031 .0022 .0047 .0025
1.2339 | .0247 .0178 .0339 .0161
0.1552 | .0031 .0022 .0043 .0021
0.5847 | .0117 .0084 .017 .0086
1.2339 ' .0247 .0178 .0339 .0161
2.7893 . .0559 .0402 .0741 .0339
1.2339 © .0247 .0178 .0336 .0158

. }
a = angle of slope A = cross~sectional area of block
W = weight T = tension in string
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TABLE 8-3
N and S for DR ¥ 80%
A W cosd | W sina
¥ A A
Test o(°) W(lb.) N (psi) —Sw(psi) + Tipsi) = S(psi)
140576.1 35.2  ,1552 .0031 .0022 .0044 .0022
.5847 .0118 .0083 .01l64 .0081
.8045 L0162 .0115 .0226 L0111
1.234 .0249 .0176 .0345 .0169
2.789 .0563 .0397 .0774 .0377
.5847 .0118 .0083 .0162 .0079
1.234 .0249 .0176 .0351 .0175
2.789 .0563 .0397 .0765 .0368
.1522 .0031 .0022 .0044 .0022
.5847 .0118 .0083 .0173 .0090
.8045 .0162 L0115 .0234 .0119
1.234 .0249 .0176 .0360 .0184
2.789 .0563 .0397 .0785 .0388
170576.1 35.4  ,1552 .0031 .0022 .0045 .0023
: .5847 .0118 .0083 .0163 .0080 .
) 1.234 .0248 L0177 .0347 L0170
5 2.789 L0561 .0399 .0761 .0362
i .8045 .0162 L0115 .0226 .0111
.5847 .0118 .0083 .0166 .0083
1.234 .0248 L0177 .0348 L0171
2.789 .0561 .0399 .0812 .0413
.1552 .0031 .0022 .0044 .0022
.5847 .0118 .0083 .0170 .0087
.8045 .0162 .0115 .0241 .0126
1.234 .0248 .0177 .0351 .0174
2.789 .0561 .0399 .0797 .0398
.5847 .0118 .0083 .0170 .0087
1.234 .0248 L0177 .0358 .0181
190576.1 35.3  .1552 .0031 .0022 .0045 .0023
.5847 .0118 .0083 .0163 .0080
.8045 .0162 .0115 .0239 .0124
1.234 .0249 .0176 .0352 .0176
2.789 .0562 .0398 .0812 .0414
1.234 .0249 .0176 .0345 .0169
2.789 .0562 .0398 .0788 .0390
.1552 .0031 .0022 .0045 .0023
.5847 .0118 .0083 .0164 .0081
.8045 .0162 .0115 .0222 .0107
1.234 .0249 .0176 .0344 .0168
2.789 .0562 .0398 L0752 .0354 :
3.439 .0693 .0491 .0910 .0419 continued {
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TABLE 8~3 continued

N and S for DR = 80%

W cosa W sing
A A
Test a(°) W(lb.) | N(psi) =S, (psi) + T(psi) = S(psi)
250576.1  35.4  .1552 .0031 .0022 .0045 .0023
.5847 .0118 .0083 L0170 .0087
1.234 .0248 .0177 .0370 .0193
2.789 .0561 .0399 .0811 .0412
.1552 .0031 .0022 .0049 .0027
.5847 .0118 .0083 L0170 .0087
3 1.234 .0248 L0177 .0360 .0183
L ‘ .1552 .0031 .0022 .0045 .0023
3 § .5847 | .0l118 .0083  .0173 .0090
| 1.234 .0248 .0177 .0345 .0168
' 2.789 .0561 .0399 .0810 .0411
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several reasons for this difference, one of which is the fact that dif-
ferent gradations of Monterey sand were used in the Seed and Goodman
study than were used in this testing program. A gradation analysis of the
Monterey No. 20 sand used by Seed and Goodman is shown alongside that for
the Monterey No. O sand used in this study in Figure 8-9.

The low value of the shear strength intercept, S v is expected both
because of the low mean grain size of the sand, and because the outer
slope material is probably at lower density than the average slope material
density because of arching and stress concentration effects during the sam-
ple formation process. The effect of mean grain size on the value of si
is shown in Figure 8-10, as developed by Seed and Goodman. The mean grain
size of Monterey No. O sand (.0l5 millimeters) would correspond to a very
low value for S -

The larger degree of uniformity of the gradation analysis curve for

Monterey No. O sand would support a lower friction angle, ¢, for that sand.

Shaking Table Tests

As described earlier, slope specimens were subjected to sinusoidal
dynamic loading in either the horizontal direction only, or in combined
horizontal and vertical excitation. Combined horizontal and vertical
loading was accomplished in phase, as illustrated in Figure 8-11. The re-
sultant excitation which the samples experience is as shown in Figure
8-11(c), inclined at an angle w with the horizontal plane. The two
loading conditions are further illustrated in Figure 8-12. The horizon-
tal component of loading was held constant for the different testing se-

ries, so that the resultant acceleration amplitude in the combined loading
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tests was necessarily higher than in the horizontal loading tests.

Test Records

The two basic testing records utilized in this testing series were
records A and B as shown in Figure 8-13. Record A consists of four ac-
celeration amplitude steps of ten cycles each increasing in equal incre-
ments to a maximum acceleration amplitude of 0.35 g. Record B contains
fifteen acceleration amplitude steps of five cycles each increasing in

equal increments to a maximum acceleration amplitude of 0.175 g.
Analysis

In accordance with the analysis technique proposed by Seed and Good-
man (1964), the sliding surface at which limiting equilibrium exists when
the critical yield acceleration is applied is approximated as shown with
the dashed line in Figure 8-12, at a depth d below the surface of the
slope. The forces acting upon an element of soil along this sliding sur-
face are illustrated in Figure 8-14(a). To satisfy equilibrium, Fu must
equal F3y in this figure, and the remaining forces may be evaluated as

follows:

2
[}

W-cosd - ky-Wesin(o + w), and (8.4)

0
]

W-sina + ky.W.cos(a + w) (8.5)
But, from Equation 8.2 we know that:

s = s; - £ + N-tan¢ (8.2)

Equations 8.4 and 8.5 may now be written:

s At i il i
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FIGURE 8-14 DIAGRAM OF FORCES ALONG SLIDING SURFACE AT
LIMITING EQUILIBRIUM FOR SLNPE SPECIMENS
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s = s; ° b + [W.cosa - ky.W-sin(a + w))-tand

= W.sina + [ky-W-cos(a + w)] (8.6)

Collecting terms and writing:

W = b .4 - Yd (8.7)
it is found that: s
>+ cosl- tand - sina
d-Yd
ky = cos( + w) + sin{o + w)*tanod (8.8)
sin(¢ - a) Si
or: ky = cos(¢'a-m) + d-Y. - [cos(a+w) + sin(a+w) - tand] (8.9)

d

For the slope of finite length used in this testing series, a passive
wedge will form at the toe of the slope as shown in Figure 8-14(b). The
primary effect of this passive wedge is to resist sliding not only by the

shear resistance along the base of the sliding mass, S, but also by the

force, P, at the toe of the slope.
Summing the forces perpendicular to the resultant force, R, gives

the following expression:

[P - cos(2¢ - B)}+[ky-W-cos(d - w)] =

W-sin¢ +s, * L. - cos¢]+[si - L. ¢« sin(¢ - 6)] (8.10)

AB BC

Noting that,

d

AB = sina , and (8.11)

2 4

BC ~ cos(a+0) ’ (8.12)

and solving for P leads to the following:




{ 166

|

!

| o o -8 !

¥ e feind . _ .a-] cos sin(¢ - 6)

4 P = W-lsind - ky*cos(d - w)] + Si d [sina + cos (0 T 6)] .13 ]

cos(2¢ - 6) )
Yd . d . 2 3

Writing w o= —T—i (8.14) ‘j
where L = d * [tana + tan(a + 6)] (8.15)

AC

and combining and rewriting Equation 8.13, the following is obtained:

2.
%4

= —— . . - . _ ]
P 2cos (29-6) [{tana + tan(a+6)} {51n¢ ky-cos (¢ w)}
2s,
+d77§-cos¢ . {

1 sin(¢-9) }] (8.16)

sina = cos(a+9) -cos¢
As pointed out by Seed and Goodman, it is simply necessary to substi-
tute the appropriate values of Q, Si’ ¢ and Yd, and a close approximation
for ky, to obtain a relationship for P in terms of 4 and ©. By means of
several trials, the values of 6 giving the minimum value of P for differ-
ent values of d can then be determined.
The influence of the force, P, can then be represented approximately

by an equivalent shear resistance, Ser &S follows:

Se = P/L (8.17)

where L is the length of the slope. This is analogous to increasing the
shear strength intercept, si, to a value of si + se, so that the cor-

3 responding value of ky is given by:

sin(¢ - @) % + e
cos(p- o - w) d'Yd{cos(a+w) + sin(a+w) -tand)

(8.18)

ky =




P b

By means of several trials, the value of d corresponding to the mini-
mum ky may be determined.

The equations presented by Seed and Goodman differ from those above
only in that their presentation dealt with the condition of horizontal ac-
celerations only, whereas these equations were developed for combined i
vertical and horizontal accelerations. The vertical component of accelera- i
tion appears in Equations 8.16 and 8.18 in the form of the angle w.

The influence of the angle, w, may be seen in its effect upon the
value of ky in Equation 8.18. The influence of the angle, w, upon the
first term of that equation, and upon the denominator of the second term
is illustrated graphically in Figure 8-15. It is apparent from this

figure that ky does not vary greatly as a function of the angle, w, for

the soil and slope characteristics of the current testing program.

For Fhese slope specimens, ky at a value of w = 33.7° will be ap-~
proximately 1.2 times the value at w = 0. This fact is of value to this
analysis, as it allows the use of the simplified analysis technique for-
mulated by Seed and Goodman to predict yield accelerations for the current
testing program. This eliminates the need to perform the trials and

iterations as described earlier.
Simplified Analysis

In the simplified analysis proposed bv Seed and Goodman, the yield

acceleration is calculated as:

ky = ¢tan(¢ - a + ¢SL) (8.19)

e MR dmaMR -
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where ¢SL is a function only of the shear strength intercept, si, and the

slope length, £. The values suggested for ¢SL are presented in Figure

8-16. For the current testing program, s, is approximately equal to 0.029

psf (from Figures 8-7 and 8-8), and the slopes are approximately 3 ft long.
As an example of how this simplified procedure may be used, consider

the case of a slope with a = 33.6° and w = 36.9°. From Figure 8-16, with

sy =z 0.03 and ¢ = 3 ft, ¢SL ~ 0.8°. Now, from Equation 8.19,
ky = tan(35.4° - 33.6° + 0.8°) (8.20)
= tan(2.6°) = 0.045

This value of ky is that for w = 0. To obtain the value of ky when w =
36.9°, reference is made to Figure 8-15. The value of the first term in
Equation 8.18, illustrated in Figure 8-15(b), is approximately 1.22 times
the value when w=0, Similarly, the value of the second term in Equation
8.18, whose denominator is illustrated in Figure 8-15(a), is also approxi-
mately 1.22 times the value when w = 0. The value of ky from Equation
8~-30 must therefore be multiplied by 1.22 to obtain the value when w =

36.9°. This new value is as follows:

ky(w=36.9°) (.045) - (1.22) = .055 (8.21)

Predicted Yield Accelerations

This computation was performed for the various test conditions en-
countered during this testing series, and a summary of the predicted yield

acceleration values are presented in Table 8-4.
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Predicted Values of Yield Acceleration,
ky, for Various Test Conditions
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TABLE 8-4

Slope Angle, O

Angle w | 33.6°  35.4°
0° .045 .016
33.7° .054 .019
36.9° .055 .020 (TEST 8Y)
31° .052 .018 (TEST 82)
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Test Results

As discussed earlier, test results consisted of digitized records of
accelerations and displacements measured during the course of dynamic
loading. For each test, four accelerometers and four DCDT's measured the
response of the slope specimen and test box to the base excitation, and
numerous accelerometers mounted upon the table measured the average hori-
zontal and vertical table acceleration during loading. These digitized
records are stored on magnetic tape, and are easily processed with the aid
of a computer.

Presented in Figures 8-17 and 8-18 are several typical acceleration
time histories which have been plotted from these diagitized test results.
In Firure 8-17 are several A records showing both table and top of slope
accelerations in both the horizontal and vertical directions. Note how
closely the top of slope acceleration records mirror the average table
acceleration records. Similarly, Figure 8-18 includes several B records
showing table and top of slope accelerograms for horizontal and vertical
loading. Some high-frequency noise appears to have been "picked-up" in
the t _ of slope response shown in these results.

The plotted time histories shown in these and the following figures
were drawn by the CALCOMP plotter at the University of California Com-
puting Center, Berkeley. A complete set of CALCOMP plots of results of
this testing program are on file along with the digitized records at the

Geotechnical Engineering Office at Berkeley.
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Data Reduction

To obtain estimated values of the yield acceleration from the accel-
eration and displacement records, it is necessary to carefully study the
displacement records to determine the time in the record when yielding
first began.

Figures 8-19 and 8-20 include several typical acceleration and dis-
placement records for tests 1 and 4 respectively. In Figure 8-19 yielding
appears to begin at approximately 2 seconds into DCDT record No. 2, near
the top of the slope, and some time later in DCDT record No. 3, near the
bottom of the slope. At 2 seconds, the average horizontal table accel-
eration is changing from 0 g to approximately .085 g, and accelerometer
No. 4 at the top of the slope is changing from .015 g to approximately
0.1 g. Although the .015 g acceleration before 2 seconds is essentially
all high frequency noise, it is being applied upon the sample and is
therefore a lower bound on the yield acceleration. Because yielding was
first observed at 2 seconds, the yield acceleration for this slope must
fall somewhere between these acceleration values.

In Pigure 8-20, yielding may be seen at 2 seconds into DCDT records
1 and 4, at both the top and bottom of the slope. At this time the lower
bound values of the yield acceleration are 0 g and .018 g, and the upper
bound values are .106 g and .118 g for the table acceleration and top of
slope acceleration respectively. These accelerations are obtained by
noting the vertical (av) and horizontal (ah) peak acceleration values and,

because they are in phase, calculating the resultant acceleration, a', as

follows:
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a' = v’ah’+ z (8.22)

av
This value of a' is then the lower or upper bound on ky for the slope.
In the example shown in Figure 8-20, the peak vertical table accel-
eration shown after 2 seconds is approximately 0.056 g. The peak horizon-
tal table acceleration occurring at the same time, which is not shown in

the figure, is approximately 0.09 g. The resultant acceleration is:

a' = V/(.056)2 + (.09)2 = 0.106 (8.23)

This acceleration is an upper bound on the yield acceleration measured
from the bottom of the slope.
It is interesting to note in Figure 8-20 that acceleration record No.
3 shows a marked shifting of center acceleration beginning at approximately
seven seconds into the record. This occurred because the soil around this
accelerometer began to move significantly at this time and the “plane” of
the accelerometer rotated. The accelerometer was originally oriented ’

vertically, so that the center axis was at a value of 1 g. If the center

axis moves by .2 g, as it appears to at eight seconds, then the new center
axis becomes 0.8 g. The accelerometer has been reoriented by the angle 6

from the vertical, where 0 is defined by the following expression

0 = arc cos(0.8) = 36.9° (8.24)

Yield Accelerations

The computations described above for determining the upper and lower

bounds on the yield acceleration, ky, were performed for all tests in

this testing series. The results are tabulated and compared with the

js0ms S PR S LEC - N3 R g




predicted values of ky in Table 8-5. It is noteworthy that the predicted

values of ky generally fall within the bounds presented in that table. It
should also be noted that for all but two of the tests, yielding was ob-
served within 2 to 3 seconds into the record, as the first increment of
acceleration was applied.

The observed values of ky show two things:

1. There is often a significant difference between the amplitude of
the accelerations at the bottom of the slope (the table) and the
top of the slope, due primarily to amplification of the accelera-
tions; and

2. There is usually a significant difference between the observed
upper bound and observed lower bound, due primarily to the fact
that the increments by which the acceleration amplitudes were in-
creased were relatively large: typically larger than ky itself.

This latter effect was minimized somewhat in the B record tests because
a smaller increment of increased acceleration amplitude was used.

Due to these facts and the general technical difficulties of making
accurate measurements of accelerations, it is difficult to obtain highly
precise values of the observed ky values. However, the comparisons shown
in Table 8-5 serve at least to support the conclusion that no gross er-
rors were made in computing the predicted ky values. Furthermore, as a
corollary, it may be reasonable to conclude that ky can be computed as
accurately as it can be directly measured.

One of the objectives of this research was to investigate the
validity of direct vectorial superposition of the horizontal and vertical

acceleration in arriving at the yield acceleration. Because of the
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difficulty in pinpointing precise values of the observed ky values, the
validity of this superposition cannot be verified conclusively. However,
the experimental evidence is at least consistent with the validity of this
superposition.

It should also be noted that the calculated (predicted) value of ky
is quite sensitive to the near-surface ¢ value, which is not easily mea-
sured with great accuracy. In view of this fact, it appears in retrospect
that any error introduced by assuming validity of vectorial addition of
the accelerations is much smaller than the error introduced by using im-
precise ¢ values in the computations. Furthermore, it appears that any
error incurred by direct vectorial superposition is smaller than that
which can be detected using an experimental program similar to that de-

scribed herein.

In view of these conclusions it is recommended that direct super-
position of simultaneous horizontal and vertical accelerations be made
as outlined in this chapter if practical cases should arise where yield

accelerations must be predicted.

Qualitative Observations

In addition to the quantitative tabulations presented in Table 8-5,
it is of value to study the test records and qualitatively evaluate the
performance of the slopes during dynamic loading.

The four DCDT test records for Test No. 3 are presented in Figure
8-21. Referring to the positioning of these instruments upon the slope
which was shown in Figure 8-1; it is seen that DCDT's 1 and 2 are lo-

cated in the upper portion of the slope, and DCDT's 3 and 4 are in the
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lower half. DCDT's 1 and 3 are vertically oriented, and DCDT's 2 and 4
are horizontal.
The two horizontal DCDT's reflect the acceleration record for Test

No. 3 which was shown in Figure 8-17. Although yielding may be seen from

the very beginning of these records, large permanent displacements are not

seen until late in the record. This is because yielding may occur during

TR T TLTIRTT R T T -

only a small portion of each cycle of loading, and displacements do not

! accumulate to significant values until the larger accelerations occur.
Shown in Figures 8-22 through 8-25 are the DCDT test records for the

four B record tests: 7X, 8X, 8Y, and 82Z. As was shown in Table 8-1, the

3 only differences between these tests was in the value of the vertical com-
ponent of acceleration. The vertical acceleration was zero for Test 7X,
was 0.67 of the horizontal for Test 8X, etc. Because the horizontal com-
ponent remained unchanged, the resultant acceleration amplitude steps

were different for the different tests.

The DCDT test records for Test 7X shown in Figure 8-22 show con-

siderably less permanent displacement than the other three tests, as would

be expected. The DCDT test records for Tests 8X, 8Y, and 82 show remark-

able similarity, both in their shapes and in the amplitudes of the dis-

placements. Theoretically, the displacements should be slightly greater |
for Test 8Y, and less for Test 8Z, since the vertical accelerations are

slightly higher and lower for those tests. It is difficult to distinguish

significant variation for these records, however.
Additional Observations

It should be emphasized that the placement of DCDT's on the face of

] e - 1 ae DM SR IR
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the test slopes was intended to assist in determining the point at which
yielding began, and not to accurately measure displacements or strains.
Because of the manner in which the DCDT core probes were carefully in-
serted into the soil, minimizing the disturbance to the soil structure,
they are only capable of accurately measuring the very smallest displace-
ments. As the sand grains become mobilized, they quickly flow around the
core probes, thus preventing accurate measurements.

As an additional tool in this testing series, several tests were
filmed with a high-speed data camera on 16 millimeter film. These films
were synchronized to the base acceleration record and contained a minimum
of 40 frames per cycle of loading. Thin horizontal lines were highlighted
along the sides of those slopes which were photographed to provide a clear
" view of any large soil displacements and sand flows during dynamic loading.
Additionally, a triangular "window" was cut out of one side of the test
box to provideia better wide-angle view of the slope samples. These

films are on file along with the other test results at the Geotechnical

Engineering Office at the University of California, Berkeley.

Analysis of Real Slopes

The analyses of real slopes of cohesionless materials in the field,
both natural and man-made, are somewhat more complex than for the care-
fully controlled laboratory test slopes of standard sand analyzed in this
study. As discussed earlier, the predicted yield accelerations of slopes
are extremely sensitive to the shear strength characteristics of the
outermost slope material. The in-situ outer surface shear strengths may

vary significantly in real slopes, and will be very difficult to accurately
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measure. Nevertheless, it is believed that the analysis techniques de-
scribed herein may be used with appropriate precautions and careful judg-
ment to predict the yielding response of real slopes to real earthquakes.

When selecting the shear strength characteristics of the outer slope
materials for analysis of a real slope, care should be taken to use the
in-situ strengths. The shear strength intercept, si, will tend to be
higher in-situ, particularly for older slopes or those with surface vege-
tation. The primary effect of a higher value of si is to move the criti-
cal sliding surface down into the slope, thus increasing the yield accel-
eration.

For some slopes, special direct shear tests, similar to those per-
formed in this study, may be performed. 1In other slopes some other special
field test may be devised to ascertain the in-situ shear strength charac-
teristics. 1In either case, careful judgment should be exercised in
selecting the values of s and ¢ from the field tests to insure that the
lowest measured values (and thus the most critical zones) are given maxi-
mum consideration in selecting weighted average values for analysis pur-

poses.

Displacements

Seed and Goodman (1964) have also proposed a procedure for estimating
total permanent displacements in slopes from yield acceleration values and
dynamic acceleration records. This procedure is based on suggestions by
Newmark (1963). It has been utilized and further refined by Makdisi and
Seed (1977) and others. The procedure, simply stated, provides for the

double integration of dynamic accelerations in excess of the yield accel-
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eration to obtain values of dynamic displacement. Because displacement
usually occurs during only one half of each dynamic cycle of loading, total
residual displacement may be estimated by summing the incremental dynamic
displacements accumulated for a particular earthquake record.

When this method is applied to real slopes, special precautions should
be taken to consider the possibility that the predicted yield acceleration
may decrease with progressively increasing displacements. Because the cal-
culated yield acceleration is highly sensitive to the value used for the
shear strength intercept, sii the fact that the true value of si may change
with straining should be taken into account. The variation of si with
strain may also be evaluated from a field testing program.

It should also be noted that for the tests herein the horizontal and
vertical acceleration;‘were in phase and at the same frequency. Thus “w"
was constant for a given test. By contrast, in real slopes during an
actual earthquake, the horizontal and vertical accelerations would be ex-
pected to have different and variable frequencies. Thus a numerical pro-
cedure using a computer program must be used to perform the double inte-
gration of the accelerations in excess of the yield acceleration. This
integration must be performed over very small time steps, and the yield
acceleration must be recomputed for each time step, as a function of w.

The double integration process should be repeated for various rela-
tive "starting points" for the horizontal and vertical acceleration re-
cords in order to obtain the range of residual displacement values which

corresponds to these records.




Conclusions

A large scale slope model testing program was developed to explore
the effects of combined vertical and horizontal dynamic loading on the
yield acceleration of sand slopes. The equipment, sample formation and
instrumentation used was discussed in the first part of this chapter and
in Appendix A-3.

The strength characteristics of the Monterey No. 0 sand were evalu-
ated with special direct shear tests performed on the test slopes. The
results of this evaluation are summarized in Figures 8-7 and 8-8.

The yield accelerations for the variocus dynamic test conditions were
predicted by using an extension of an analysis method originally proposed
by Seed and Goodwan (1964). Equations 8.16 and 8.18 were derived to in-
clude the angle, w, which permits a vertical component of acceleration to
be included in the analysis. By modifying the simplified technique pro-
posed by Goodman and Seed, a simplified technique which includes vertical
as well as horizontal accelerations was developed. From those equations
the yield accelerations in Table 8-4 were predicted.

Using a procedure described in this chapter, the range of yield ac-
celerations observed during the various model tests were determined, and
were compared with the predicted values in Table 8-5. It was difficult
to draw definitive conclusions concerning these comparisons both because
of the variation in acceleration amplitude from top to bottom of the
slopes, and because of the relatively large increments by which the table
accelerations were increased.

It was concluded from this study that, because of these limitations

and the general technical difficulties of making accurate measurements of

i




accelerations, it is difficult to obtain highly precise values of observed

yield accelerations. Nevertheless, it appears that the yield acceleration
may be predicted by the method outlined in this chapter, at least as ac-
curately as it may be directly measured. The results summarized in Table
8-5 appear to support the conclusion that the predicted values of yield
acceleration are reasonable estimates of the true values.

It is recommended that direct superposition of simultaneous horizon-
tal and vertical accelerations be made, as outlined in this chapter, if

practical cases should arise where yield accelerations must be predicted.
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Summary and Conclusions

Introduction

The objective of this research was to study the interaction effects
of combined compression and shear loading on the response of sands to
dynamic loading. Various experimental studies were performed to evaluate
the response of Monterey No. O sand to various types of combined compres- -
sion and shear cyclic loading. The behavior observed in these tests was
then used to evaluate postulated theories of soil response under these
combined loading conditions. The results of these studies and the main

conclusions are summarized in this Chapter.

Effects of Combined Dynamic Loading

During the course of this research significant effects were observed
during combined compression and shear cyclic loading. The primary ob-
served effect of combined loading was the more rapid degradation of modu-
lus with strain than would otherwise occur.

Because the effect of primary practical interest is the influence of
simultaneous shear straining on the degradation of the compression modu-

lus, it was this effect that was evaluated in detail in this study.

Strain Ratio Method

Two methods were developed and presented for calculating the degra- i
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dation of compression modulus with strain under combined loading conditions.
The first of these, called the Strain Ratio Method, requires the computa-

tion of either the instantaneous or an overall average ratio of shear

strain amplitude to compression (normal) strain amplitude. By entering

the sets of curves presented in Figure 7-7, the additional degradation

in compression modulus due to the presence of shear strain may be deter-
mined. This method requires logarithmic interpolation among the curves, '
depending on the value of normal compression strain amplitude and mean

confining pressure.
Octahedral Shearing Strain Method :

A simpler method, called the Octahedral Shearing Strain Method, re-
quires that either the instantaneous or an average value of octahedral
shearing strain be calculated from Equation 2-42. 1If the principal

strains are known, the simpler Equation 2-44 may be used for this calcu-

lation. Once the octahedral shearing strain is known, the Egggl degra-
dation in compression modulus may be determined directly from Figure 7-6,
interpolating only for the mean confining stress. This total degradation
in mo@ulus includes both the component due to normal compressive straining
and that due to the presence of shear strains.

Using either of these methods a reasocnable estimate of the degrada-

tion of modulus with the total straining may be obtained. This is a

significant improvement over the current state of engineering practice.

However, analysis of Figure 7-7 shows that the degradation in modulus due

; to interaction is of importance only when the shear strain is significant

compared to the normal strain. In other cases the use of this technique
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provides no advantage over current practice.

Combined Loading Effects on Slope Stability

A series of large-scale shaking table tests were conducted upon slope
models constructed of sand. These samples were subjected to purely hori-
zontal or combined horizontal and vertical cyclic accelerations in an
effort to determine the point at which yielding in the slopes began. The

results of these tests were summarized in Table 8-5.
Analysis Method

A method of analysis was proposed for use in practical cases where
yield accelerations for slopes under combined horizontal and vertical ac-
celerations are needed. This method is an extension of a method originally
developed by Seed and Goodman (1964) for horizontal excitation alone.

The analysis method requires the calculation of a yield acceleration,

ky, from Equation 8.18 for the values of plane strain friction angle, ¢;
slope angle, a; angle of acceleration, w; shear strength intercept, Sy
the length of the slope, L; and the density of the soil, Yd' This value
of ky is calculated for several values of the depth of sliding surface,
d; and for the minimum value of the internal force, P, for those values
of 4. The minimum ky is determined by an iterative process, utilizing
Equations 8-16 and 8-18.

A modified, simplified approach was also presented. This simplified

method requires the determination of the factor, ¢ from Figure 8-16,

sL’

and the calculation of the horizontal ky using Equation 8-19. This value

is then modified to account for the acceleration angle, w, by use of
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Equation 8-18. An example of this latter process was presented using the
shaking table strength characteristics and slope geometry, with the effect
of variation of the angle, w, shown in Figure 8-15.

This latter, simplified method was used for the slopes and strength
characteristics of this testing program, with the results presented in
Tables 8~4 and 8-5.

It was concluded from this study that, because of the limitations of
the testing program and the general technical difficulties of making ac-
curate measurements of accelerations, it is difficult to obtain highly
precise values of experimentally determined yield accelerations. Never-
theless, it appears that the yield acceleration may be predicted by the
analytical method outlined at least as accurately as it may be directly
measured. The results of this testing program, summarized in Table 8.5, »
sﬁbport the conclusion that the analysis method proposed provides reason- |

able estimates of the true yield acceleration values. ?

It is therefore recommended that direct superposition of simultaneous

horizontal and vertical accelerations be made, as outlined in Chapter 8,

should practical cases arise where yield accelerations for slopes must be

predicted.

- L
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Appendix A

Testing Apparatus

The following testing apparatus were utilized in this study:
A-1 Resonant Column-Torsional Shear Apparatus
A-2 Hollow Cylinder Test Apparatus

A-3 Test Box for Slope Model Studies

199
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Appendix A-1

Resonant Column-Torsional Shear Apparatus

Introduction

The Resonant Column-Torsional Shear testing apparatus used in this
study was developed by Professor Vincent P. Drnevich of the University of
Kentucky. The apparatus is capable of exciting cylindrical specimens
either vertically or torsionally, or in both modes simultaneously. The
testing set-up and a close-up of a sample prepared for testing are shown
in Figure Al-l.

As seen in Figure Al-1(b), vertical excitation is obtained by ap-
plying an A.C. voltage across the large vertical coil mounted atop the
specimen. The application of this voltage creates a sinusoidally varying
magnetic field which interacts with the field 6} the large permanent mag-
net mounted to the counterbalanced framework, resulting in a sinusoidally
varying vertical force being applied upon the specimen.

By varying the frequency and amplitude of the A.C. voltage, the
cyclic stress applied upon the specimen can be controlled. A vertically
oriented accelerometer is mounted within the cap assembly of the speci-
men, which measures the acceleration response to the applied cyclic stress.

Similarly, torsional stress is applied to the specimen by applying
an A.C. voltage across the four torsionally oriented coils which are
wired in series and mounted upon the counterbalanced framework alongside
the specimen. The resulting electromagnetic field reacts with the mag-
netic field of the four torsionally oriented permanent magnets affixed

to the cap assembly of the specimen, creating a cyclic torsional stress.
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A torsionally oriented accelerometer is mounted in the cap assembly for
measuring the acceleration response to the applied torsional cyclic stress.
Because the two loading systems are mechanically independent, it is possible
to simultaneously excite the specimen vertically and torsionally without

mechanical interaction of the loading.
Test Set-up

The complete test set-up is shown in Figure Al-l(a). Just below the
testing apparatus on the first shelf of the cabinet is a 1 ft cube con-
crete block. This block acts as a counter balance for the applied cyclic
loads, and is securely bolted to the steel framed cabinet. The base of
the testing apparatus, including the framework alongside the specimen and
the large vertical permanent magnet are securely attached to this counter-
balancing concrete block.

The testing apparatus is completely enclosed within an airtight
lucite cell. This enclosure allows for the application of cell confining
pressures up to approximately 7 KEC. Additionally, the specimen may be
confined with intercell vacuum of less than 1 KSC. Although the equip-
ment is designed to allow both sample saturation and the use of water or
other fluid for applying the external cell confining pressure, these
options were not utilized in this testing series.

The A.C. voltages used to excite the specimens in both the vertical
and torsional directions were produced by a low-frequency sine wave
generator and power amplifier combination. The two generator/amplifier
combinations are shown in the right side of Figure Al-l(a), above the

utility cabinet. The sine wave generators used in this testing series
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were Hewlett-Packard Model 202C, and the power amplifiers were Hewlett-
Packard Model 6824A.

The output of these power amplifiers is wired to a control box which
allows the operator to quickly switch the voltage to the coils when desired.
This control box, which is located on the right hand side of the second
shelf below the testing apparatus in Figure Al-1l(a), also provides a
sampling point for precise measurement of the amplitude and frequency of
the voltages applied to the coils.

Located just to the left of the control box in the center of the
second shelf is a Fluke Model 1900a frequency counter used for precise
frequency measurements. The applied A.C. voltage is displayed on the
vertical plates of an oscilloscope; in this study a Tectronics Model 565
Dual Beam Oscilloscope was used, and is shown on the left side in Figure
Al-1(a). A dual beam oscilloscope was helpful in this testing program
because it allowed for simultaneous monitoring of the vertical and tor-
sional response during conbined loading.

The two accelerometers mounted in the cap assembly are Colombia
electrolytic devices, Model 200-1-H, and require a charge amplifier or
cathode follower to condition their outputs before they can be read by

conventional high impedance measuring equipment. Two charge amplifiers

were used to supply an acceleration response signal to the oscilloscope.

These charge amplifiers, which are shown on the left side of the second
shelf in Figure Al-l{(a), are Colombia Model 4102.

The output of the charge amplifiers are applied to the horizontal
plates of the oscilloscope to produce Lissajous figures with the voltages

applied to the driving coils., The acceleration amplitude may also be




measured using the oscilloscope display.

Cylindrically shaped samples are formed with a rubber membrane and
conventional forming molds. The vertical weight of the cap assembly is
offset with a constant-force spring shown in the top of Figure Al-1(b).

Determination of the strain amplitudes and damping factors from the
raw test data is described in Chapter 4; and the determination of dynamic
compression and shear moduli is discussed in Appendix C-3. Several typi-
cal data sheets are shown in Figures Al-2 through Al-4, and the test re-

sults from this raw data are presented in Appendices Bl through B3.
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Appendix A-2

Hollow Cylinder Test Apparatus

The thin-walled hollow cylinder testing apparatus used in this testing
program was a modification of a static loading device originally developed
by Professor Poul V. Lade of the University of California at Los Angeles
and Professor J. M. Duncan of the University of California at Berkeley
(Lade, 1972). A front view of the testing apparatus showing the control
panel is shown in Fiqure A2-1, and a diagram of the main loading chain is
shown in Figure A2-2. The variocus numbered components from the load chain
diagram are listed in Table A2-1.

This testing apparatus is capable of cyclic, stress-controlled loading
in both the vertical and torsional directions, both separately and simul-
taneously. When vertical and torsional loading are applied simultaneously,
both cyclic excitations are at the same frequency, but may be out of phase.
The apparatus is capable of operating at any frequency between approxi-
mately 0.2 Hertz and 20 Hertz. All tests in this testing series were per-
formed at a frequency of approximately 0.3 Hertz.

This apparatus is capable of loading hollow cylinder specimens
cyclically at a peak-to-peak stress of up to 100 psi vertically and tor-

sionally, simultaneously.

Loading System

Simply stated, dynamic load is applied to the test specimen as follows:
1. A variable speed motor, controlled on the front panel, operates
at the desired frequency of loading (i.e. at 0.3 Hertz).

2. Two offset cam assemblies which are attached to the shaft of
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10.

11.

12.

13.

14.

15.

l6.

17.

18.

19.

20.

21.

22.

23.

TABLE A2-1

Components of Hollow Cylinder Testing Apparatus

Proximeter Target

Center Shaft - Sample Top Clamping Assembly
Sample Top Piece

Sample Cap

Sample In Rubber Membrane

Center Shaft

Bellofram Rubber Cell Seal

Sample Base

Sample Bottom Plate

Top of Cabinet

Upper Standard Framework

Center Shaft Bearing Holders (2)

Torsional Moment Arms

Center Standard Plate

Lower Standard Framework

Vertical Load Cell

Thrust-Tension Joint

Double Ball Joint

Spacer Shaft

Spacer Shaft

Center Shaft of Double Acting Cylinder (Thompson Ball Shaft)
Top and BottomPlates of Double Acting Cylinder (2)

Top and Bottom Walls of Double Acting Cylinder (2)
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24.

25.

26.

27.

28.

29.

Center Wall of Double Acting Cylinder

Piston of Double Acting Cylinder

Piston Face Plates of Double Acting Cylinder (2)
Bellofram Rubber Membranes of Double Acting Cylinder (2)
Rotolin Center Shaft Bearings (2)

Thompson Ball Bearings (2)
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the variable speed motor cause two pistons to traverse into and
out of two small pressure regulators in a cyclic manner, at the
same frequency as the motor.

3. The output of the two small pressure regulators are fed to the
control of two large pneumatic volume booster relays which are
fed with 100 psi air pressure and 1/2-inch supply lines.

4. The output of these pneumatic volume booster relays are fed into
two large reservoir cylinders which contain an air-oil interface
and a supply of low-viscosity loading oil.

5. The output of one of the two large cylinders is then fed directly
to the lower half of the vertical double acting cylinder, while
the output of the other cylinder is fed directly to one of two
torsionally balanced torsional loading cylinders.

6. The cyclic pressure in the lower half of the vertical double
acting cylinder reacts with the constant pressure in the upper
half of that cylinder, resulting in a sinusoidally varying force
which is transmitted through the center shaft to the sample top
piece, and thus to the sample.

7. The cyclic pressure in one of the two torsional loading cylinders
reacts with the constant pressure in the other cylinder, re-
sulting in a torsional, sinusoidally varying stress which is
transmitted through the torsional moment arms and the center
shaft to the sample top piece, and thus to the sample.

A photograph of the left side of the testing apparatus showing the

variable speed motor, offset cams, small pressure regulators, and the

large pneumatic volume booster relays is shown in Figure A2-3. The speed
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control for the variable speed motor is visible in the lower right corner
of the front contreol panel in Figure A2-1.

Careful examination of Figure A2-3(a) shows that the two pneumatic
volume booster relays, which are mounted on the cross-brace in the center
of the photograph are vented at the control port at their tops by muffled,
pin type vent values. This is done because the small pressure regulators
are not very efficient at venting air pressure when their regulated pres-
sure is dropped, and they need additional externally provided venting to
keep their time constants low during that portion of the locading cycle.

There are several details of interest in Figure A2-3(b). Close ex-
amination of the shaft couplers used between the center shaft of the
variable speed motor and the offset cams reveals a small micro-switch
mounted on the upper coupling. This microswitch was installed to provide
a simple means of insuring that cyclic loading begins and ends at the same
place in the loading cycle for each test. The switch is normally adjusted
so that loading begins and ends at the balance point at the center of the
sine wave of loading.

The phase lag between vertical and torsional loading is easily ad-
justed by adjusting the relative rotation of the offset cams with the
shaft couplings. The offset cams are shown precisely in phase in the
photograph.

The balance pressure at the center of the sine wave of loading is
adjusted by positioning of the shaft between the offset cam and the piston
of the small pressure regulator. Lengthening the shaft will result in a
higher balance pressure., Care must be used when this adjustment is made

that the selected balance pressure will allow sufficient "range" of peak-
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to-peak pressure to accommodate the range of load anticipated in each test.

A photograph showing the rear of the testing apparatus is provided in
Figure A2-4(a); and a photograph showing the right side and the two tor-
sional loading cylinders is presented as Figure A2-4(b). A 3/4-inch pres-
sure hose may be seen at the rear of the test cabinet. This hose provides
air pressure for the loading system in this apparatus.

The two large reservoir cylinders, containing the air-oil interface,
are in the bottom of the cabinet, out of the view of the photographs.

Each cylinder is approximately seven inches in diameter and approximately
fourteen inches high. It should be noted at this time that the use of
air-oil cylinders and oil in the loading cylinders was provided in this
testing apparatus so that it could also be used for strain-controlled
static testing. If the apparatus was intended for use only for stress-
controlled testing, it would have been quite possible (and desirable) to
feed the output of the pneumatic volume booster relays directly into the
loading cylinders, using air only.

The vertical double acting cylinder is visible in the center of
Figure A2-4(a) near the bottom. A small differential pressure trans-
ducer is visible at the top of this cylinder. An identical differential
pressure transducer is visible on the under-side of the right torsional
loading cylinder in Figure A2-4(b). It is these two transducers which
are calibrated to provide a measure of the vertical and torsional stress
applied upon the specimens during testing.

Torsional strain is measured with a small LVDT mounted with long
hose-clamps directly upon the sample (not visible in photographs). The

vertical strain is measured with a proximeter device, which may be seen
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on the top of the outer pressure cell in Figure A2-4(b).

External cell pressure is measured with the pressure gage mounted
directly behind the proximeter on the top of the pressure cell.

The levels of constant pressure are maintained in the upper half of
the vertical double acting cylinder and in one of the torsional loading
cylinders by means of pressure regulators controlled on the front control
panel. The ensure that constant pressure is maintained during loading,
two reservoir cylinders are provided in series with the pressure lines.
These cylinders are visible at the bottom of the cabinet in Figure A2-4(a)
on the two sides of the cabinet. It should be noted that two pneumatic
volume booster relays would have served equally well in this position.

The vertical load cell shown in Figure A2-2 is used primarily for
calibration purposes, for adjustment purposes and to estimate the magni-
tude of mechanical friction developed in the load chain. The thrust-
tension joint and the double ball joint, which are also shown in that
figure, are designed to de-couple the vertical and torsional loading ap-
plied to the center shaft. The double ball joint corrects any small mis-
alignment between the vertical double acting cylinder and the center
shaft, and the thrust-tension joint allows transfer of wvertical normal
stresses to the center shaft, but rotates freely, preventing any tor=-
sional stresses from transmitting to the vertical cylinder.

The two torsional loading cylinders transfer their load to the tor-
sional moment arms by means of 1/4-inch cables 18~inches long. Resultant
lateral forces from these cables are balanced out by the two large Rotolin
bearings through which the center shaft passes.

Recording of vertical stress and strain during this testing program
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was done on a Hewlett-Packard Model 7046A xy-recorder. Torsional stress
and strain and vertical load cell stress were recorded on a Sanborn Model

150 strip chart recorder. Examples of several tests results are presented

in Figure A2-5.

e e e el
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APPENDIX A3

Test Box for Slope Model Studies

The slope model studies were performed in a wooden test box affixed
to the 20 ft x 20 ft shaking table at the Earthquake Simulator Laboratory,
Earthquake Engineering Research Center, University of California, Berkeley,
California. The shaking table is capable of reproducing with excellent
accuracy dynamic accelerations, velocities, or displacements stored on
magnetic tape or disk. The test box was designed both to contain the
sand test slopes and to efficiently transfer the dynamic table motions
to the slope models.

A schematic diagram of a typical slope specimen is shown in Figure
A3-1. The inner dimensions of the test box, as illustrated in this figure,
are approximately 84.2 in long x 42.5 in wide x 21.7 in high. A spacer
board has been added as shown in the figure to reduce the total volume of
sand needed for the construction of a test specimen. This spacer board,
which is positioned at an angle of approximately 45° with the horizontal,
is approximately 15.8 in on a side. Also visible in Figure A3-1 is a 2 in
steel angle reinforcing system on the outer edges of the test box. This
reinforcing system provides rigidity to the outer walls of the test box.

A view of the test box affixed to the shaking table is shown in
Figure A3-2(a). As the box was placed upon the table, a layer of high-
strength "hydrostone” cement mortar was placed between the box and the
table. The box was then firmly bolted down to the table by seven 1-1/2
in diameter steel bolts. Three of these bolts were tightened against a

1/4 in thick steel plate which was placed in the bottom of the box, and
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FIGURE A3-1 CUT-AWAY VIEW OF TYPICAL SLOPE SPECIMEN
SHOWING LOCATION OF INSTRUMENTATION




CIGURE A3-2 VIEW OF TEST 80X ON SHAKING TABLE (a) AMD CLOSE-UP
OF STEEL PLATE AND SPACER BCARD IN TEST BOX {b)
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the remaining four bolts were tightened against the reinforcing steel
angles on the outer corners of the test box. Two of these outside bolts
are visible on the outer edge of the test box in Figure A3-2(a), and the
steel plate and bolts in the bottom of the test box may be seen in Figure
A3-2(b).

Behind the spacer board a stiff bracing system has been constructed
to ensure that the deflection of the board during loading would be very
small compared with the displacements of the soil slope. This bracing

system consisted of six triangular 1-1/2 in thick plywood wedges, cut to

exactly fit between the board and the inside corner of the test box.
Before slope specimens were constructed in the test box, a 2 in thick
layer of high-strength "hydrostone" cement mortar was placed in the bottom
of the box on top of the steel plate. The "hydrostone" was carefully
leveled and a thin layer of the Monterey No. 0 test sand was cemented to
the top of it. Also, a thin layer of the test sand was epoxyed with a
high strength resin epoxy to the spacer board and the back wall of the
test box. This treatment insured a level bottom and good soil-box contact
between soil slope specimens and the test box.
A photograph showing the specimen forming "mold" in position within
the test box is shown in Figure A3-3(a). The mold assembly consists of
a 7 ft x 4 ft plywood panel, 1 in thick, which is reinforced with three
longitudinal 3 in steel angles on the back side, and associated mounting
hardware. The plywood panel is positioned to the desired specimen slope
angle, and rigidly secured in place as shown in Figure A3-3(a). After
the specimens are formed within the mold by table vibration, the plywood

panel is carefully removed with an overhead crane, leaving a smooth slope




(b)

FIGURE A3-3 VIEW OF SPECIMEN FORMING MOLD IN PLACE WITHIN TEST
BOX (a) AND VIEW OF DCDT'S ON MOUNTING FRAME AND

FAILED SLOPE AFTER TESTING (b)




face on the specimen.

The mounting hardware which secures the plywood panel was designed
to provide rigid support without distorting the smooth "plane” inner sur-
face of the plywood. Two steel channels along the sides of the test box,
covered with strips of compressible foam rubber, provide upward support
at the edges for the plywood panel, while a longitudinal steel angle and
two 2 in x 4 in lengths of lumber provide the securing downward force.

A 7 ft long lumber 2x4 provides the toe footing support at the bottom of
the plywood panel.

Instrumentation is mounted both within the test slopes and on the
test box in preparation for each test. BAs the slope specimens are formed,
two very small accelerometers, one vertical and one horizontal, are care-
fully positioned within the sand near the top face of the slope. The
accelerometers are mounted on 1/32 in thick perforated aluminum wafers,
approximately 7/8 in on a side. This allows for relatively accurate
orientation with respect to the horizontal and vertical directions. Also,
two accelerometers are mounted on the back side of the test box, behind
the top of the slope on the steel reinforcing angle. These two accelero-
meters are also oriented for the vertical and horizontal directions, and
may be observed in Figure A3-1.

A cross-brace is placed across the center of the test box after the
test specimen is formed, and four DCDT's are affixed to it on a mounting
framework as shown in Figure A3-3(b). The slope pictured in this figure
has already failed, and characteristic sloughing of the sand downslope
may be observed. Note that the rod extensions of the DCDT cores are bent

slightly as a result of the soil mobility. This effect could result in




inaccurate readings at significant strains, as discussed in this report.
One additional modification performed on the test box during this

testing series was the cutting of a triangular shaped "window" on one side

of the box. This was to permit the photographing of the slope face with

a high speed data camera during testing. The opening was approximately

10 in x 10 in with a diagonal at 45° with the horizontal. This modifica-

tion was necessary for low angle photography, nearly parallel with the

slope.
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Appendix B

Example Test Results

The following examples are included of test results from computer

analysis of the raw test data:

Resonant Column Test Results
B-1 Test No. 1A-3

B-2 Test No. 12B-2

B-3 Test No. 18C-3

Hollow Cylinder Test Results
B-4 Test No. A26L-2

B-5 Test No. B29-3

B-6 Test No. B3l-1

The complete test results are available in Griffin (1980).
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APPENDIX B-1

Resonant Column Test No. 1A-3
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APPENDIX B-2

Resonant Column Test No. 12B-2

. [ e e e e
SW TS son sawsis wo. & T T T T -0
s 143C [ 34 ClaAw =EIGNTY NO
XS — —— - GRANS——_ CB- —-—cn e e et e i e e —— ———
2.00  9sg.10 1.7 ey e
A g ACEV nerv acey ner Y L]
GRANS
1576.40 2490400 17.00  2260.00 s 23 31,68 T s - -
e ’ -‘Ui-'— _;:l' —!-.-T. T T T T T T - -
cc “sce
c o setees- ——s —~—oe s is . e

111110000 BN




«da

.- #500.09

370.00
$96.80 -
1310.00
280,00
4000.00
A330. 00 — -
11480.00
17000,.90
21009, 00
-

CHCA ATEN YTRESS STATE ANO ELASYIC CONSYANTS, DaTA SFY w0,

10V IEPRY sany
oSt ~EOCENT -e-r-n
AL PPN Sl VTAEDE — - (O3
1ot $15> SIGy
ect- - Bkt - - B8

woor nGawt Damar wuc
o3l afscent racENTY

(3303 eos | eng2 o5y
- DFIDEEE .- GERCKMT_. SFBCEMT  AERCEMT. .

H0 Ty PR P Loy ERIF B el et
as-,‘,qﬂ'(~01

CM QR ATED LTHRESS S'-l". AND ELASTIC CDNS'IN;!;—NATA T N0, ?

|toav

LR rosaC (Y .14

DEAMEES  oER(FuE Eac sy
G «2INGT .08 1611700
. ~13310€-0%
[ ad >~ TPx - 08
2. »101 1709
8. +84) 3708
3. »31AF .07

ugov 608 . QaMOV . - MNOT ____ NCAMT... . __DAMAT_ _ . uyuC sTmar_ . . - -
st DERCENT OF RCENY fst SERCENT SERCMNY
€1520ne2% 27216008 9
-y S1G1 S1G2 16y FYA £os51 =52 rosy ¥950C Gaune
vy o ast 7!'n(es OERCENY  DEOCENT  OFSCENT -wn:u DERCENT oracFNY
28 In.ar ’ Qe 37218 S04 A5 VeE-0%-, 8834705 % AT19F-9% L NAWe0s
.20 37,94 0. e YASTE-Q%~, 7RO8E- 08 9e m
. 9. 41 8. .0?9?!-0!‘.!’57F-95 de
A0 e84 L o OB2E~38+,1062F -8 3.
. .2.3% Qe -27?!!‘0"-Il'ﬂ!‘ﬁ“ol\ﬁl"ﬂl Qe «JAGAS .08
L) 3. A2 Qe S2TZIE~08 ~ i IVNE—08~, | IJAE-008 9. «IN29F -0
COLCAATED- STRESE STATE AMD-BLASTIC COASTAMTS. DATA ST . W0, . 2 . . .. _————— — =
CLLTY] Neosy nANDY »OO Y nGawy oanwy IJ( STRAY
et - PERLPMY.._. L. ~-wSl_  __ . GERCEMY__  DESCENMY _ . _ _ . - e . -
A3722.20 3618708 .88
- «vir simz  stay BETA ~ ~ gasi _ Eos? Bsy T gava weseC | Gawoc |
st (2] OEGREES PERCENT BERCENT PERCENY ').ﬂ?’l sERCENTY W‘C!ﬂ'
30-‘3———1 Al - A8.30 ASSE~ - ARME~OA_. . 45,508, - . c- w2383F-0a -
20.-0 sl 865F 04 -, ~s1465€-0¢ 45.000, N didodd
v 146 -04~y =eTARRF -4 4% ,000., «2302F<04
2148KF-Qa~, ~s1445€~-08 68,000, .?'Q”-M
ol 648F ~0A =, - - jAASE -— 0% 303 - - - T d X
c1489%8~08~0 ~e L 0OSE~-08 48,000, .l!!?!-ﬂl
- - - J— _ —_—— _ - [
FAMLCALATED STAFSS STATE AND FLASTIC COASYANTS, DATA SFY w0, o
-nv idsid DABRY -nv nGant O AmwY e sTear
o3t pERCENY SENCENTY (a1} EeCENT SERCEWY
T/ T PI688. 81 ,TI2EE-08 Y]
- . IR - BETA _ __ K881 £983 .. _ £083 . — HATA . _@gORLC. .. GamC -
oSt Pt (23] (14111} oeRCENT PERCENY SERCrY negreESy sERCENT sERCENY
24 29.02 9,8 29,38 48,00 JJ1207-04-, '.VI!Q-(‘I % ,000.
26 - 28,42 ., 28,1 ol 2120Ev08“a . =o3) As .00
o3s 29 .80 29,38 48.30 +1129€ 04~ ~a ‘|’.l’ 0s 4%.000.
8 29.38 43.00 +3129F Q8- =s3120r-Q4 48,000,
aa 29 , & 29,37 4%.00 212 ~08-0 =231 20F =08 48 390,
'Y .o 28 r— a8 33 0 i —— a3 29E~08 — aS Y

CALCUALATED STRESS STATE AND ELASTIC CPASTanYy,

=aov oge sy
osy agnCent

nAaey
oERCENT

wont
LY

T mawy
srecont

0AYA 4FY W, S

Naul
orRceNy




237

8164480 2716830 - -l
o Sto $1G2 hEA aste [543} Lied ] regn cave soant ~awne
axy - - oed - Bei .. GSGASFS BFACENT . BEACENT  BIACFWT MCars.  orecewy GERC Fut
Yo, 29,60 29, 20 Qe «PTIAT «0a - ABIAF 08,68 AF =g 1. “argrs-08%
37,0y 29,00 M .ec 84  «271AE-06-.TATH -0, TATAF L3S 3.
38,04 36.03 - - 2%.40 .. 3.
a),0a 70,03 0. -0a-. 1 0NEE~Qa-.1 3% 3.
e2.3a 29.00 ¢ 'y ~3e- 9F-Qe~.119%8 - s 9.
eV, 8 29.80 79, 49 Qe 3318-04-.1331F-0a 3. .uuu.u
CALFULATED STRESS STATE AND BLASTIC CONSTANTS, DaTA SEY was o
one nee Dashy #00¥ - - DEant -yl creay
St ota(h«' sst sgacenT
27988 73109

41620088 2719708 23722,20 IN1QE-Qe

Loddd [ L]} ey [Led) oava o ne ~awne
'wmzu PEQCENT BERCENT e rEnT W Cnrse proreay

VUG - 04~ AR24C~ 03~ Y78 | €08

.y 5 G2
»it ~

29 .04 ,saaf.ga

. e e
29 37.9% TORRA 384 1 031F ~ 30 . VROAF < 08 L V4 8aF.ng
.38 9,40 d Z-Q%e. |1 7AF Qe <2033 . I

LTRTL - |0W~°A .ueohu NELLET 1Y

42, 3% «08 ~-0s (96 F -0 b~ .13 <108 9 L et

03,82 ~ 08 .nsu-o--.n\thn ol!.!!’-'u T1R1PFa0n .a1%0%mCa

CHCHATED STORQS STATE 4D -SLABTEE. CONSTANTS, OATA SET wi. .t

wrny ymany nasoy wont ~Gawr Camn? wuc sveat
o5 3MOCENT SEACEUTY 9%s - ~ PERCEMNI- OERCENT
£1431,99 ,2727F-Qe + 99 2388S.81 A711F04 «5810 2900 teRoar
-y sray s1ay  mfva  egesy  mogr ensy cava P
LAl | [ 31 reGoees DEOCENT ommeanT LIg T RN NEGqorE g DEGAENT
28
.o
. le
g 29,40 29,43 «10 V478 F .08 900% . 9a
Y 2983 - 2A,89-- 08 .+ JADAE - Qa— caf _Ca
va3 29.40 29,40 3 .0a
CHM.CA ATED STDOESS STATE anp CLASTIC CONSTANTS, NATA SPY NO. =
“cnw LILLE woov NGAnY Daue T LV 4 AAd T34
a4 D'ﬁ(tu' SERCENT (23] BERCENT SERCENY
e1431,99 -2'27I 23722.20 «21222-03 -3‘!! P AL
- - - - PPy - mey— — Fagy - a4 va [TXT 4 AAwnr
$ OROCENY  OEQCENY sgaceay e neoreny

po ~v | 33Ag-s

CHM. QA ATED STRESS STATE AND ELASTIC CONSTANYS, DAYA ST nle ¢

wony OEPRY Aamov wOOY DGANMT Dawe? . uC T
asi SeacEMY  Semcewt oSt sgncent Semcenr
PR S TSPy 1 TR OS VBE  EICSALAL LAIGLE-ST— — ~BIB6— — —<E8h T 4IN%

[ {3 ey rava rogor faNpe
.cl-u WGASES GEACENT  SwnCPuY

316y

T=e8344F 0%~ 1Sr.ga 73 1?3000
QOF - 0%~ , 4394F -0 ¢ o8 *33v .9
ATE 3= 8T LE~G %= .04 T4 8- 08 0
1 u\!-o‘ PEAE .4 0
12 3I3E-08 -9 s
l!!&(’-“-."l.!-ﬂﬂ 0 B1AF-08 . IT4W-0)

CALCULATED STRESS STATE anO !LAS'!C !‘(‘N""l‘l- '107‘ SEY WO, 30




238

EPs0C SMmOC
PESCENTY sgaceuy

- MR e —DEASM . __DAMDM 800 — OGAMY . AAMOT . MUC - SEAAS

0% OEACENT OERCENT s -c-::-u SERCENT

81149,6% +2770€-00 «9%  23%60.68 789 -0} 6078 «2977  1a8.0030
w [YLY] seva oy eos2 33 eave

(1] CEGREES  BERCENY SERCENT PERCENT  OEGPEES

TS 29 .03 1438 <2084E-8 Vas- IRTOF - ﬂ! -
3% 29, <0 1335 szorac orcds z-::" €-2
‘3e 29, 40 1,06 +2072- to3--
S - 13,40 -=2084 % 3 GOBE~04+. 1809F
e 9. 80 .82 .non~n-.nuc- -e1906 E-03
ie 7% .40 52 .IOS"-O)—.IS‘?!—G&.I'I‘! o3

ire L .znu-
oo

o748 .IO“(- > ¥ -03
o773 o+ IN26E-08 +3243€-03

~arane-ss 3r3er-03

S « 323w -0
0F-03

COMCAATED STREES SI4IE AMD- SLASEIC LOASTAMIS, DATA ST MO. 33

-y el id ] nawpy -00 v 0GawY OARPY [ 714 STRAT
Pty . a2 Seacant
K3838 .71 2743F-06 1401 73206.%2 . |68 ~-02 .T200 3108 3o.eese
y sta3 BEVA st
o3t DEGREES  semcewT
IAF
29238 23€ <
29,38 17~
39,30 tag
29030 »

CALCULATED STRESS STATE ANO ELASTIC CONSTANTS, NATA SEY NO, 12

wnny prosy Aawdv -0 v NRAuY DaANS Y "< SY®AY
aet DFBCENT CENT ps1 PERCENT PERCENTY
82980.03 22705€-0a 1,01 22791.70 2930602 < 8a08 <3291 83.3a08

-y - N“———-M—_
ost es ost

P _FRS2_
PERCENT PERCE

oeMmEES

SOC ____ GAMOC .
PERCENT SERCENT

COLCULATEN STOFSS RTATE AnD ELASTIC CCNSTANTS, DATA SEY MO, 13

wnv  neosv woov  ccawy T
os{ CERCENT ost T RCENT
£0028.80 ~2764608 . — 2otd - 22380283 ~S0IAER0Z .
- <141 st a2 «raq ar va £om s>
o .ty — - apb-- - - - LECHFES — DFOCHME SEACENET . “.‘.“‘—‘ M’WSQ
.88 79.23 278 12a88-02 .ve
Vel 38 29028 [ .
o - 28 o2 -
10,20 rede n-.ueﬂe—ev—.usu o2
3a)3g 2916202
20031 m2e-02

s o A NOC
GEACEAT. - PEOCENS
n’!—os *20968-C2
G%ar-g?
u

CALCULATEN STRERS STATE SwO ELASTIC COMSTANTS, Data SET NO. 18

- —DGAMY _
SENCENT
| «98Ba" .02

gosy
BEACE Y O'G.!!!

88 eC GamOC
SESCENY sface Ny

18003293

eayre oy

«6437¢-02




i
]
L

i

€M OAATED CTRFEE STATE AND FLAETIC COnSTANSIS, QATA SET NO. 1%

arov EnY Jawv ot NGawr Dauay
I3 - DSOCEmT. - DEACFAT  DB6L- —- . SEACENT - — m(cnv.. _
ISLISERA ISR £ 1) el

o

239

“ata ac e
oF oens aCEWT  BeecEnt

9
2219
> 310908~ 03-w 3
1832006

3% 1
-09 -St;u 1€ -ot

e - GaAmnC
DEBLENY  OERCENT

u Tstar T Tsrer (333 .
og( %t CENT  PEFRCENT  OEACFNY
s 26440 - "6 W56 -05=.85055-3% — . §
I 26,03 A 7
"o 9.4
.9 29.40
Xl - — -
Y 29,49
« a, CUL uso gvn-ss crate g-m OLA“VC t‘ousuuvs DATA ST NO. tA
wgIv JEosV Cauoy wony nNGAwTY DanD Y
~s1 SERCENT ocecrut ot PEQCENT .EQC!NV
NIGAL .79 L5048 TD8 o - T Tt
ey leb—~ —-Ha—~—“6" — e BFTA —— SRS —— KPS _ _ FOSX . .
oy OFINEFS  OERCENY  OFGCENT  OROCENY
sy 1876KE-0a=, 1674500

CALCILATED STOESS CTATE AND ELASTIC CONSTANTS, NATA SET NG, 17

ey T aeasy Navoy (2134 0GawT

-uc
131 wEaCENT eEocENT ost OSDCENT
AIS0S el o L H2IE-V— -3 - E— m———— e e m s e e - - e

211%=0a .ot(Aar.3a

AETA rog) [4.4.13
~ OFGREFS — PERCENMT . PERCENT pncru

Ve e1823€20 3, JA16E-C8 , N1 F -0
W IAZ2IE-0Y=, 81208 F 08
A2 =33 23~

€aTs €03 CC
DRRFES PTACENT
0. «28ATE-Oa
«19917.048
*1318K04
13482 -0a
.5093'-05
PRiYl §

MODN —.. JFARM 0N —_— DRANT . _ DANPY _
bl SENCENT e} OEACENT PERCENT

ﬂ”lﬂ.ll "13’!‘-33

| 4434 npey
PERCENTY P ERCENY

9
-a2832K A3~ 1108E-33 _  _ Ba . 84 43T
« 201X 033 24 3-e1248F-03 . II!)!-OC -
+20IPF=0, 3= 1300E-03 Qe .« 1880€~09% *r

CMCAAIFD STALSE STATE .ANO SLASILIC COMSTANTS, OALTA SET MO, 10 -

wgrw -l od 4 naudy QDT LLILAd naAweY [ V. 4
— Bsd 255 . . PERCEMT_ ——
ADI19 .94 ,S587a8~0) te12
aETa e s [+ Fosy
OEGRAES  PEACENT  SENCENT  DERCENT
.Sl?l!-‘.'l-ﬁlu!"ﬂ-\ ux"-o.l p—

2B -33-. 23AAE -0 -

"l!-01--3!70!-3)-.:878'-0!

“Eata EP30C SASOC
OECREES  SERCEWT  PEACENY
o ramie 1018% -u.llm-u —
324 €-00
Oc 82408
9. 8308

Ba - —a21328
Q. -!.II-.Q 025N -0




™y

; T—

__SaLcuLareo STREIS ITATE anD BLASYIC COMSTANTS, DATA SEY wO. 20

oV oessy OANDY »gOY DGANY ANy STRAT
211 pERCENT PEACENT [ 211 SERCENT PERCE WY :
£G119.9% (0037 - 03 1.09 22728.21 .40286-43 473 3776 3334

w oo o-sie —-——u&a—.—a‘

86 Ia
"1 Otdeees  PERCENT

SERCENT PERCENT

$0C ——GAMODC——
VEGREES PERCENT PERCENT

N 3 o . - -93- - 3 agg~ P2erE-
e Jenia pPe- .49 11 -g1r0e-g3-.1esse-0d-.tanze-03 <13 isase-g3 .Fzere-o3
- la 39.78 29, 4 29, 40 o801 +6160F-03-,20532-03-,2176¢£.0) al2 J043%F-04 .uex -03
(994 s1.2% e.s 29.40 $196F-03-.23548-0)=, PATAE- 03 1% Learre-0a .MOA3E-Q)
<4 22.70 3.4 30 ce1S2€-03-02636€-03=12771E-0Y Il <2819 ~0a . E3%aM_03
e eanr? . >t 633 e 3065892 H 20E-08 ~ALIAEGY -
T

CALCULATED STRESS STATE amD ELASTIC CONSTANTS. OATA SET NO. 21 o

~nv oeogy OAwpy »00Y SeauT Y T e ey

el SEwCENT PERCENT st PESCENY PEACENY

TSI S AN 3o 8833433018 2ASREAlR o AR L3248 AV

w 51 s1n2
— a5 S54

$tRy
$

aF ta

ensy ({424 gogy

eava estce
-34S

GamgC

SEACE ACERE

.28 36,82 29.40 29.40 1030 6401E-03-.1480€-03—, 1 OAOE-03 " o23 o1047€~33 .7693¢—03

.29 18. 29 29.40 29,40 1409 «0466€-03=,1753€-03=,2173£-03 ‘P oBAGOE-04 . 795303

‘i Sa 2o 040 3 033 =33 m24834-03 3 34 —oRI LOF -3

.39 e1.2 29.40 29.40 +62 ,6438F-03-,2397E=03-,2752€-0]) 21 .64326~04 . Ba8SF -0

can 42472 29, 40 29. 40 W73 JBAZHE-0Y=.3659E~0)-.3042¢-03 20 LFN1TE-G4 L€7S1E-GT
29.40 v85 LEA14E~-03-.2961E-03-, IIIFE-0I 20 «+4020€-08 .9019¢03

Y as.1? 29.40

CALCULATED STOESS STATE AND ELASTIC CONSTANTS, OAVA SET NO. 22

-3y - o AN DGAMT. oanay - STBAT
a5t omCENT PERCENT rst PERCENY PERCENTY - " :
-
.
4160 .80 605SE=0I 117 22286.28 ,1669€-02 « 7598 «34828 13738
y $151 €1G? 5163 Qf'l o5y Eocy Fata rog0C GAw
ot et <1 h!!! BCB\‘.C.-' ng.t!w osOCENY NEGRFES OERCENY OroCF WY
6. A4 29,40 !9‘-3. 2-&4 .70?("-0!--(‘“!'-0‘*.!3!!!-0) a2 .leﬂlf 03 «9F3YW-0)
ELES ] 29,40 29.38 2439 (78725-03~a] 7S -00+,3544¢-33 [} 1€ «1008¢-02
39,77 29,40 29.39 2408 .782*'-5!*02002@‘9!‘.)! »10247-02
- AW~ A LY — >86 « I 33, 400 - - +i0AW-033 - -
ez 71 29,40 292,39 1.0 7737€~ oa—.zeou-e:—.n:ue-n -3! «2820E-08 .1069¢E-02
LITR A 29,480 29,39 1add (769 E-3I=.2972¢—0)~,0633€-0) «37 L4043E-09 ,1091F-02

i CR O ATED STRE S8 AL 00— ELAATIL CONETANSS o DARS SR N0y 2P e — —

uCOv JEo8w JAuov “ooT nGaut [] M wue
ost - SEREENT -  SERC - ey CRRCENT - . PERCENT— — - _— — ..
$9438.39 61873 122 21088,.70 2948E-02 «877e « 3802 T.0t22
s ——S;Gl - —;752 3163 nEYa resy .y 2 V!;SS (L0 g 0C -OC
o8t o5y X1} OEGREFS DFACANY  PERCEMY  ORSCENT  OFGRFES  DERCENT  DESCTNT
e _— T w88 L HASBE- 03 - }INNE—08 -
29 IN,. e 9.9 -3 .l‘l!?*!
IR 14, 80 9. 38 ~03 29E-02
Ly e 01,28 29. 37 -23 .I s3g-02
PR - 2 > 2. — -
a3 e, 29 94 37 21 E=02~42 -3 «51 J80718-05 .iaYTE-Q2
CALCULATED STRESS STATE aND BLASTIC COMSTANTS, OAYA ST NO. P&
»Qov ogosy Cawoy QoY oGawy cawn v wuc sTmav
asl BEMCENY  PRACENY -sl seecEwY sencENT
$9006.87 .8 1%12-0) 138 2!39!..| +SY%0E-02 «9er? dets 4. YO9O
-y AR AR o PIRY - BACS—— ERLPE — —  KLENE - ——
[ oy pst JEpTES PERCENY SERCENTY OEOCENY oeceees sreClur sEOCENT
29,40 20,23 G.(' . l!?”’-ﬂ‘-.ll?ﬁ!‘@!--lll'C-O! B3 L10860-03 2VOW-4F
£9-voe- 86 2 1668 dnyd F844— 02y b1 20833 - Hq&&ﬂ -
? L ] 29. 20 2091 €~03-.1139€-02 84 638 4 232W-02
9,40 .2 087 L 1%A48 32,2390 -0 ), |2t ¥E-02 .3 -l!!ll-“ -!l)l(‘l




241

e [S% 2] 26,49 29,39 270a€-03-,1%39% .22 A3 LP040F-04 PVaMo_0>
‘a3 PR —~ da.di 361aF-33e. 1240622 ced cA1016-08 c2WNI8-07
CALCAMATFD GIRFESE STATE AND FLASTIC COASTanTS, NaTA SFY wo, 2%
wy AF sy nausy vane Nrawr nawor - sroar T
a4 asoCENT cEOCENY  oat nEerEanY oreca Ny
4784087 h2G1FeI) - le®R 2338331 < tl2eF-1 1.2388 417 s.0172 -
-t St s16? €16y anve 345 £os? Fogy fava wogce sunc
ey ast 081 - —_ ONGGEES  oFacFaT PFRCFNT  DERCENT NFGREFS . PEGCFNT w:cr.v
(7.7 ra,78 dgrre-g2 106-013-.2%906 3> 77 L 10008 -3 ,ahe0F-0>
in. e 28, m8 »Aer-0? 24K -33-,2617¢F-02 71 LA
e ds n.a3 «338CF =37 139 =3 ¥ 6A%F <32 -7t ARQE -0 2
Vieks 28,07 2 J0IPF 020 24R4E-D)-705YF =02 3.4
“Ve04 29,92 @ 026F 02,2 740E.03-,2671F -2 7
e .82 2a,2% «3010E-02-c QN VE-0 Y=+ 2€Q0F -0 70 -ll.‘"O! olﬂf‘l a?
CALCULATEY STERSQ STATE anD ELASYIC CONTTAnTS, NATA SEY N0« 26 Tt T
oy ofosy SaMPY. _. wOAT .. O3ANY DAMPY . muC _ _ SYRar e
asr ErE " PERCANT =X DEOrENT DEPCENT
REG1m G JARIIELYY 1.01 cleemagy WY s4ce3  17.7200
-y S5 ner [t B! o8 gy Ava LLIYL -or
oat ARGREES  BRRCENY BERCENT BERCENY HEmEES deECENY fEny
na, s 2907R LeaQaFo9d-.1%A0F . o!--“nt-o? - ST OV LAPQAc07?
w1 12, 38 .| SaAga)3 e, 3070835 3 J9{gY¥F-0e ,a@nar.3>
v 1.7 16421 22116=32 ﬂl"-!? a¥Y LAQGVAF . Ca LJABCTYFLDD
PEIS 1e.58 zs-a:-a:-..wa-c-az - 73 .47¢85-0e e 1E-C2
at,a” 13.18 LI LA AL LA LEEE] *7Y J28Q1€-0a AR KELD
ru, o 12401 «8332F-02-0V1RAF-0V-,43D1€-07 7Y LaTIF.ce csajarug?
Cas N 8"FO STEFSS STATE AND ELASTIC CONSTARNTS, DATA SFY no. 2?
Ny NEJSY Navoy nQoY rGawY NaAWD T . sTMav
RN IFECEMY oORQCFMY PSY PERCEAANT PERCENT
180,85 AsAT-ON 1,43 18219,)37 ,2aaer-9) ?.3240 LYY 20.0770
L S161t SR qa\’ AF Ta oy ro52 . [$:pd ] av - nawoe
> LY ELY] nE@ERS SEICENT CERCENT sEocENY o oeEES orecEat orOCEwT
74 LEES] 2% .80 -39 26033 S 6SINEAD2- 1 SQSE -0~ B4 23F D2 =28 L11S1E-43 .1492€-C1
3ee 20,83 .28 23,77 L8Q2vF-32- 7% .8V06F-0a .08V -D1
Alana 2S. 40 27,47 21460 o6907F-02 +?8 4%301¢-Ca 130w,
42,97 6,43 27,868 1971 JAmam-02- 073 L4878F_04 . 130VFaTT
48429 - 2Gs A - A7. 83 18+00 LOB7AF-02 « X8 .26%06-04 . 1QC W1
%A% 29,40 27,98 180 € . €98 8-02~ o7 LAA3I2E-0% .100s€-01

CALC L ATEN STRFSS STATE an0 EFLASYIC CONSTanYS, NATE SFY wnN. 2R
S neocy 2a v nGawe namoy wue
254 SIRCANT  SeacEnt nsv PERCERT sEpCENT
LR L Y T Y L T b 1oAY 17Rav.eY L Jezarogy 7,300 ALY - T
- 4164 . &483 $363 — Agla - POSL . EPSI_— -  FOEY . ATA €08 CC caunc
ot cecoses seaceny oeaCenTt pEBCEY nuGeers SERCENY PEOCENY
.
29,12 . fe27E-02-,1817- 0)‘ .Jl‘!-df
- 28+38- -B3=eif A312F-32 -
ARRIF -9
*naf-3?y
?’. OQ 21 [ & R LXLALLY BT >
—— 37,33 _..s.g;..aagn-ehaun-; AAIMM=32 — — T4 AARIL-E8 1431E-N
CALCULATPD STPEGS STATE anD ELASTIC CONSTANTS, "~ATA SPY 0. 79
iy aemey wvov” T wrnt”T T ngawy 5 awov -e staay T )
ost oRBCENT PeeLENT a8 oEPCEMNT OERCENT
L R T S S WL Y T SN iV —_———
- ctay LXTEY 16y T4 o [1X%] »ocy Tava (11144 GaAnnC
S- B —_ oy — 24— LECRFES OroalENT__ ofaCOMI  OFFCEMT . . DMQREES . SLACKMT . OFRCENT
.28 J6.92 29,00 79.49 0. 619003+ 148T7E-0F 108 - 0) [N + 10740 ~03 (77482 -03

;‘4“'2”%‘ P o RF e NN




42

29
PRLY
oW
Yy
Ly

e 30
A3 16
.1.2)
“2.7)
LL TR

- -

[ «PIQGAN (3, | TE POV, | TIPE-IY Qe
- e ML IR 10T 0In 21076 =G ) - —— Jo

0. ¢B196F <03+, 27248« 0V, 2724E -3 de
L *B1O6F =032 ICVOE~II-,30306F-0) Q.

«Bat 2% 0
Jev0aE-a




APPENDIX B-3

Resonant Column Test No. 18C-3
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Hollow Cylinder Test No. A26L-2
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APPENDIX B-5

Hollow Cylinder Test No. B29-3
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APPENDIX B-6

Hollow Cylinder Test No. B31-]
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Appendix C

Derivations

The following derivations were made for use in this study:
Strain Tensor for Resonant Column Specimen

Strain Tensor for Hollow Cylinder Specimen

Calculation of Moduli for Resonant Column Tests

Principal Stresses for Resonant Column Specimen

Principal Stresses for Hollow Cylinder Specimen

Calculation of Compression Modulus for Hollow Cylinder Tests

Calculation of Volume of Hollow Cylinder Specimen

Calculation of Relative Density




Appendix C-1
Strain Tensor for Resonant Column Specimen
From the expressions for the strains contained in Equations 2.5
through 2.1l and from the boundary conditions presented in Equations 2.12
and 2.13, the following expressions may be written: ) ;
€s = =, because 3y =0 (c-1.1)
8 r'’ 90 :
1l / du 1 3u
ere = 3 (335 *+ 208, - 280,) = 3 35 (c-1.2)
_ 1 3u ow
€rz =3 5z ' because 3z 0 (C-1.3)
l v _ 1 ow
€9z = 2z 5 rAeo , where 36 0 (C-1.4)
and u is unknown, but
u=/f € dr (C-1.5)
From Hooke's Law, it is known that:
€E =€ = -lE (C-1.6)
x Y z
and € +€ +€ =¢ = (1 - 2u)¢e (C-1.7)
x Y z vol z
Also, Y
evol = €q + €g + Ez = (1 - 2u)€z (C-1.8)
or g t €y = -21.|ez (C-1.9)

Now, if one considers the new volume, VN' and relates it to the old

volume, Vo. it can be stated that:




;.\ VN = vo(l + evol) = vo[1 + (1 - 2u)szl (C-1.10)
; 1 3
But VN is also equal to:
"
V.=H(l +¢) - M2 (Cc-1.11)
N o z RN °

where Ho is the old height and RN the new radius. We also know that vo

is a function of Ho and Rb' the old radius, as follows:

A VvV = H . TR 2 (C-1.12)
3 o [o] o]

Combining the last three equations, C-1.10 through C-1.12, the

following expression for RN may be developed:

[1 + (1 - 2u)ez]1/2

RN = Ro 1+ ¢ (C-1.13)
z
and it is also known that:
Ry = Ro(l + eR) (C-1.14)
It is now possible to write an expression for ER as follows:
1+ - 211)8z 172
ER = T+ & -1 (C-1.15)
z
Now, from Equation C-1.5:
u=/[ ER dr (C-1.5)
- 14-(1-211)5:21'/2
= pr° - -
or u < 17 ez ] %) (C-1.16)

It is possible now to write expressions for ee, ERB' and eRz' and as

1 . follows:
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Lo[rea- zu)ez]1/2
Ee = z = 1+ ¢ - 1= ER (C~1.17)
z
_1 3u _
sRe =359 " 0 (C-1.18)
_13du
and ERz =33z " 0 (C-1.19)
It is also known that:
ER + Ee = -2u€z (C~1.19)
so that one may write:
eR = Ee = -uez (C~1.20)
The strain tensor may now be written:
-uez 0 0
1
€ = 0] -k, 3 rAe° (2.14)
o L e
2 [e) z

It should be further noted that the €g, Component is a function
of the radius r. For practical application purposes, the average Eez

will be assumed to exist at r = % R, and be considered a constant at

that value.
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Appendix C-2

Strain Tensor for Hollow Cylinder Specimen

From the expressions for the strain contained in Equations 2.5, 2.8
through 2.11, 2.15, and 2.16, and from the boundary conditions expressed

in Equations 2.12 and 2.13, the following expressions may be written:

cp = 5 (3% + 86,z - 46 z) = 2 3% (c-2.1)
€R2 = %-ég » because §¥-= 0 (C-2.2)
€oz = %-g% = % Ryvg Aeo , where g% =0 (c-2.3)
and u is unknown, but
u=/ ep 4F (C-2.4)

If it is assumed that Hooke's Law applies, the following expressions

may be written:

=ls -y - B -
ER E UR E oz E Oe (C-2.5)

1 s - ¥ -
€, Eoz E%2 " E % (C-2.6)
and eq=to, -2g -Ug (c-2.7)

@ E S8 ER E z
If €g = 0, Equation C-2.7 may be rewritten as follows:

Og = u(oR + oz) (C-2.9)

may be written:

Now ez and ER




Now, the change in the

=1 _u -, -
= £ % E <:rz E [u(oR + oz)] (C-2.9)
2
= l1-u o -(u'—'——"+ uz o
E R E z
«e1lg _H, _ L -
Eoz EO'R E [u(oR+az)] (C-2.10)
tl-uzc_(uﬂxz)o
E z E R

radial strain, ASR, during loading may be written:

2 2
- l_"_u._) - (H_'*_u_) -
se, ( ) ao, ) s0, (C-2.11)
And because AOR = 0 in this testing program,
. 02
Ae =(‘—‘—“—)Ao (c-2.12)
R E 2
Similarly,
2
l-yp ) _
Aez = ( 3 Acz (C-2.13)
Combining the above two equations, C-2.12 and C-2.13 gives:
+ 2
Ae_ = —(L—‘i->Ae (c-2.14)
R 2 2
1-u
Now, because
u=/egdr (C-2.4)
for Ravg Lr <R,
x
2
u =/ -(‘-‘—ilz-)-Aez dr (C-2.15)
Ravg l-u
u + 112
o ———\-lde J{r - R__]
(1 - uz) z avg




e

r 2
u -=f - (“—*—“7>-Ae dr (C-2.16)
z
R 1=

avg

2
+
) e

The expressions for € and €__ may now be written:

RO Rz

1l du
sRB > 708 =0 (C-2.17)

&

1
€ 2

RZ = 0 (C-2.18)

(%4

z

The strain tensor may now be written:

2
- E..i'_ui) e 0 0
1-1u z
€ = 0 0 1: a8 (2.17)
2 avg o
0 Lp as €
2 avg o z

It is also worth noting that for the special condition where
ABO = 0, Equation (2.17) is transformed so that the values of €r’ g
and ez are also the principal strain values, €3, €2. and El respectively.

In this special case the strain tensor is that of a plane strain

condition.




Appendix C-3

Calculation of Dynamic Moduli for Resonant Column Tests

Compression Modulus

The basic expression for the dynamic compression modulus, E, is as
follows:

2
E = - VvV c-3.1

where p is the mass density of the specimen material, and where Vp is the
"P-wave" (compression wave) velocity of propagation. For the solid

cylindrical specimen,

P = 5= (C-3.2)

W
Vg

where W is the specimen weight, V is the specimen volume, and g is the ac-
celeration of gravity. The value of Vp may be calculated from the fol-

lowing expression:

(C-3.3)

where fv is the resonant frequency in compression, L is the length (or
height) of the cylindrical specimen and where wv is the root of the fre-

quency equation:

Y -tan Y = —A (C-3.4)
v v Top

where wTOP is the top cap weight. The value of WTOP in this testing
series is 1576.6 gm.
During the resonant column test, the resonant frequency is influenced

by dynamic coupling between the sample and the cap system. If a test

could be conducted under ideal conditions, where the top cap weight was




negligible when compared with the specimen weight, there would be no
coupling effect and fv would reflect the true resonant frequency of the
soil specimen. 1In this special case, wv = m/2, and Equation C-3.3 reduces
to the following:

v = 4 -€f L (C-3.5)
p v

In the more general case, the dynamic compression modulus may be
calculated directly from Equations C-3.1 through C-3.4. The only dif-
ficulty in this calculation, albeit a minor one, is that the value of wv
must be calculated from Equation C-3.4 by an iterative process.

These calculations are made in Computer Program RC, which is in-

cluded as Appendix D-1.
Shear Modulus

The basic expression for the dynamic shear modulus, G, is as follows:

G = p - v: (C-3.6)

where Vs is the "S-wave" (shear wave) velocity of propagation, and where
p is the mass density of the specimen material and is defined in Equation
C=-3.2. The value of vs may be calculated as follows:
2-%- f‘° L
v =

s ¥

(C-3.7)

where fs is the resonant frequency in torsional shear, L is the length
(or height) of the cylindrical specimen, and where ws is the root of the

frequency equation:

(C-3.8)
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where J is the torsional moment of inertia of the specimen, and Jo is the
torsional moment of inertia of the top cap system. The units of J and J°
are mass-lenqth-timez. For a cylindrical specimen, J may be calculated

as follows:

(C-3.9)

where D is the diameter of the specimen.

As discussed earlier, the factor ws is necessary to correct for the
dynamic coupling influence of the top cap system upon the measured resonant
frequency. If the torsional moment of inertia of the top cap system were
negligible when compared with the torsional moment of inertia of the spe-

cimen, ws = 7/2, and Equation C-3.7 would reduce to:

Vv = 4-f -L (C-3.10)
s s

In the more general case, the dynamic shear modulus may be calculated
directly from Equations C-3.6 through C-3.9. The value of Jo in this

testing series is:
3, = 3.5 gm-cm-sec’ (C-3.11)
The value of W‘mmst be calculated from Equation C-3.8 by an iterative

process. |

These calculations are made in Computer Program RC, which is in-

cluded as Appendix D-1.
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Agggndix C-4

Principal Stresses for Resonant Column Specimen

The Mohr's circle diagram in Figure C4-1 represents the state of
stress within the resonant column specimen, viewed from the "8z plane",
for the condition of simultaneous maximum vertical compression and tor-
sional shear stress. The principal stresses are shown on this figure as
01, (o)

2 and 03. The values Acz and Arez as recorded raw data were double

amplitude values and thus must be divided by 2 for plotting on Mohr's

circle.
The center of the Mohr's circle, cct' may be calculated as follows
Aoz
Uct = O'e + T . sm(wzt) | (3.18)

where wz is the rotational frequency of vertical loading and is constant.
Note that:

ag = QO = 0 = O = 0 (C-4.1)

for this testing series, where 0. , 0, , and c3c are the principal

1lc 2c

stresses during consolidation.

From the figure,

. sin(p-wz-t)

tan(28) = A0

z - .
T sin (wz t)

4 w
T T
where p = "o
z z
2 - A1 * sin(p-w_-t)
Now: - 1 -1 8z z
: 8 7 tan [ Bo, - sin(w,-t) ]




-
(4]
=

FIGURE C4-1

>_@
a

(b)

MOHR'S CIRCLE IN STRESS (a) AND STRESS TIME
HISTORIES (b) FOR SIMULTANEOUS DYNAMIC LOADING
OF RESONANT COLUMN SPECIMENS UNDER CONDITION
g;ngélmﬂ INSTANTANEOUS VERTICAL AND TORSIONAL




Ao

z .
o g_ + 3 sxn(wzt) +

Note that because of

written:
Ao

the geometry of the Mohr's circle, ©

Arez
. sin(o'wz°t) « tan(B) (3.14)

2

1 may also be

0, = 0_+ —2 . gin(w °t)
4 z

+ [ Ao

and

03'

It should be noted that O

change, and at some point "01

the new 01.

Z ey g2
[T . sxn(wzt)] + [——2

20 ¢

and torsional shear stress as shown in Figure C4-1l(a).

At that point the principal stress directions

Atez

- sin(p-w, -t)] 2 (C-4.3)

The remaining two principal stresses are as follows:

(3.15)
-0 (3.16)
and 03 are the major and minor principal

! stresses at the condition of simultaneous maximum vertical compression

As time goes on,

however, the amplitude and direction of these principal stresses will

" will be numerically smaller than "03".

"reverse" and 03 becomes
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AEEgndix Cc-5

Principal Stresses for Hollow Cylinder Specimen

The Mohr's circle diagram in Figure C5-1 represents the state of
stress within the hollow cylinder specimen, viewed from the "0z plane",
for the condition of simultaneous maximum vertical compression and tor-
sional shear stress. The principal stresses are shown on the figure as
Ol and 02. The minor principal stress, 03, is unchanged during loading
and is:

g, = O = 0 (C-5.1)

The vertical and torsional stresses shown in Figure C5-1(a) may be written

302 AUz

_GT = —2— * sin(A-t) (C-5.2)
and

a'rez A'rez

5 > sin [(A-0) + t)] (C-5.3)

where A is the rotational frequency of loading and is constant.
The center of the Mohr's circle, oct, at any time may be calculated

as follows:

Aoz Aoe
s - [Glc + -5 sin(\-t)] + [°2c + - sin(A-t)] (C=-5.4)
ct 2
and because °2c = u(olc + o3c), and Aoe = uAcz,
Acz uAcz (C5-5.5)
G = [olc + = sin(A-t)) + [u(olc + o3c) + = -sin(A-t)])
ct
2
which reduces to:
uo
l+u l1+) e wd . 3¢
oct ( 3 )olc +( Y )Ac:z sin(\-t) + = (3.37)
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FIGURE C5-1 STRESS TIME HISTORIES (a) AND MOHR'S CIRCLE IN
STRESS (b) FOR SIMULTANEOQUS DYNAMIC LOADING OF
HOLLOW CYLINDER SPECIMENS UNDER CONDITION OF
MAXIMUM INSTANTANEOUS VERTICAL AND TORSIONAL STRESS
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Now, from Figure C5-1, the following expression may be written:
At

fz . sin[(A-a) -« t]
tan(2B8) = Aoz (C-5.6) i
Ulc + - *« sin(A-t) - oct
AT * sin{(A-a) - t]
- 1 -1 0z
or B 3 tan AOz (3.36)
2[0, + 5 - sin(A-t) - 0]
The principal stresses may now be written:
Aoz A‘l‘ez
ol = olc + = sin(A-t) + - sin[(A-a) « t] - tan(B) (3.33)
o, = 20ct- o, = o, - 2(01 - cct) (3.34)
and 03 = °3c = OR (3.35)

It should be noted that with time, the numerical values of the major
Ao
and minor principal stresses will change. If —55 exceeds 0.85*03c at any

time, then the principal stress directions will "reverse" for a period

during each cycle of loading, and 03 will become the new 01 for that

period.

- R
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Appendix C-6

Calculation of Compression Modulus for Hollow Cylinder Tests

From Hooke's Law the strains may be written as follows:
1 U
€ =<0 E(cR + oe) (C-6.1)
<s1g _ M
€ = E° (cz + ce) (C-6.2)
1
and Ee = =0, - —102 + 0) (C-6.3)

Because €g = 0 in this testing series, Equation C-6.3 may be rewritten

as follows:

cre = u(oz + UR) (C-6.4)

Now Equation C-6.1 may be written:

2 2
= (l-u _(u+u) -
e, = ( E ) 9, E 95 (C-6.5)

During dynamic loading, the change in vertical strain may be

written as follows:

= 1_‘_11__) - (U +u ) -
Aez ( = Aoz = AUR (C~6.6) 1
but because AOR =0,
2 R
= 1- u -
Aez ( = ) Aoz (C-6.7)
Aoz
or E= (1 - IJ%"A—'S— (4.13)
z




Appendix C-7

Calculation of Volume of Hollow Cylinder Specimen

For most tests in this testing program, the specimen height, H,

and thickness, T, were measured immediately following the initial

isotropic increment of consolidation. For some earlier tests, only

the sample height was accurately measured. Assuming the specimen in

Figure C7-1(a) is typical, then:
T=R, ~-R

Ravg is approximately 10.0 cm (3.937 in) for all samples.

The volume of a specimen, V, is:

T
but because R, = R +‘§ , and R, = R -3

T 2 T
e (g ) G D]
Expanding this expression gives:
2 T
V=H-1I-[(Ravg +T°Ravg+z) -

2
(Ravgz -7 . Ravg + % )]

or V=H .7+ 2 «T =« Ravg

(c-7.1)

(C-7.2)

(C-7.3)

(C-7.4)

(C-7.5)

To calculate the volume in cubic inches, since T and H are measured

in inches, Equation C-7.5 may be written:

V=H .. T . 24.73695

(C-7.8)
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FIGURE C7-1 FREE BODY DIAGRAM AND STATE OF STRAINS
FOR HOLLOW CYLINDER SPECIMENS




If T was not recorded, an average value of T = 0.779 in. may be

used with good accuracy, and Equation C~7.5 may be written:

V=H * 19.270084 (c-7.7)

Equations C-7.6 and C-7.7 are used in Compbuter Program HC,
included as Appendix D-2, to calculate the volume of hollow cylinder

specimens.

BEREOCY ¥ g




Appendix C-8

Calculation of Relative Density

The soil used in this study was Monterey No. 0 sand, a uniformly
graded, fine grained quartz sand processed from beach sand. A
gradation analysis of this sand is shown in Figure C8-1.

In order to calculate relative densities for the various specimens
constructed through this study, laboratory tests were performed to

determine the maximum and minimum densities, d dedn' which

Yd- max

could be achieved. These two limiting densities were found to be as

follows:

Y = 1.70709 gm/cc (C-8.1)

d max

and Ya = 1.42532 gm/cc (C-8.2)

min

The relative density of a sand, D_, is defined as follows:

R
emax - €
D = —x 100% (C-8.3)
R e - e .
max min

(C-8.4)

where Vv is the volume of voids, and Vs the volume of solids, which may

also be written:

(c-8.5)

In this equation, wS is the weight of soil (weight of voids is assumed
negligible), Gs is the unit weight of the solid materials, and Yw is the

unit weight of water, Yw = 1 gm/cc. The volume, V, may be written:

|
4
4
2
|, /'
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V= vv + vs (C-8.6)

Now e may be rewritten:

Vo Yy G-y,
e~ = (c-8.7)
s s
W
Also, because Ya= —‘75- '
W
v ==2.vy (C-8.8)
v Y S °
a |
G_-Y -W
and e = -STE—V;—S -1 (c-8.9)
a4’ s
which reduces to:
G .Y
e s —Y _ (C-8.10)
Yd

x 100% (C-8.11)

or

Y. . Y
dmin a x 100% (C-8.12)

" o) )

This Equation further reduces to:
1
0.701597 - —
Y

4a
Dp ™ ~o.1issoas  * 100* (C-8.13)

Equation C-8.13 was used to calculate relative density during this

' study.
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Aggendix D

Computer Programs

The following computer programs were developed for use in this

study:

D-1 Program RC--A Program to Reduce Data from the Triaxial Resonant

Column Testing Series.

D-2 Program HC--A Program to Reduce Data from the Thin-Walled Hollow

Cylinder Testing Series.

|
|

Ed
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APPENDIX D1

Program RC--A Program to Reduce Data from the
Triaxial Resonant Column Testing Series
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APPENDIX D2

Program HC--A Program to Reduce Data From the
Thin-Walled Hollow Cylinder Testing Series
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EARTHQUAKE ENGINEERING RESEARCH CENTER REPORTS
NOTE: Numbers in parenthesis are Accession Numbers assigned by the National Technical Information Service; these are
followed by a price code. Copies of the reports may be ordered from the National Technical Information Service, 5285 i
Port Royal Road, Springfield, Virginia, 22161. Accession Numbers should be quoted on orders for reports (PB -----=)
and remittance must accompany each order. Reports without this information were not available at time of printing.
Upon request, EERC will mail inquirers this information when it becomes available.

EERC 67-1 “Feasibility Study Large-Scale Earthquake Simulator Facility,” by J. Penzien, J.G. Bouwkamp, R.W. Clough
and D. Rea - 1967 (PB 187 905)AQ?7

EERC 68-1 Unassigned

EERC 68-2 “Inelastic Behavior of Beam-to-Column Subassemblages Under Repeated Loading,” by V.V. Bertero - 1968
(PB 184 888)A0S

EERC 68-3 "A Graphical Method for Solving the Wave Reflection-Refraction Problem,” by H.D. McNiven and Y. Mengi - 1968
{PB 187 943)A03

EERC 68-4 "Dynamic Properties of McKinley School Buildings,” by D. Rea, J.G. Bouwkamp and R.W. Clough - 1968
(PB 187 902)A07

EERC 68-% “Characteristics of Rock Motions During Earthquakes,” by H.B. Seed, I.M. Idriss and F.W. Kiefer - 1968
(PB 188 338)A03

EERC 69-1 “Earthquake Engineering Research at Berkeley,” - 1969 (PB 187 906)All

EERC 69-2 “Nonlinear Seismic Response of Earth Structures,” by M. Dibaj and J. Penzien - 1969 (PB 187 904)A08

EERC 69-3 "Probabilistic Study of the Behavior of Structures During Earthquakes,” by R. Ruiz and J. Penzien - 1969
(PB 187 886)A06

EERC 69-4 *Numerical Solution of Boundary Value Problems in Structural Mechanics by Reduction to an Initial Value
Formulation,” by N. Distefano and J. Schujman - 1969 (PB 187 942)A02

EERC 69-5 "Dynamic Programming and the Solution of the Biharmonic Equation,” by N. Distefano - 1969 (PB 187 941)A03
EERC 69-6 "Stochastic Analysis of Offshore Tower Structures,"by A.K. Malhotra and J. Penzien - 1969 (PB 187 903)A0?
EERC 69-7 "Rock Motion Accelerograms for High Magnitude Earthquakes,"by H.B. Seed and I.M. Idriss - 1969 (PB 197 940)A02

EERC 69-8 "Structural Dynamics Testing Facilities at the University of California, Berkeley,"” by R.M. Stephen,
J.G. Bouwkamp, R.W. Clough and J. Penzien - 1969 (PB 189 111)A04

EERC 69-9 "Seismic Response of Soil Deposits Underlain by Sloping Rock Boundaries,” by H. Dezfulian and H.B. Seed
1969 (PB 189 114)A03 \

EERC 69-10 "Dynamic Stress Analysis of Axisymmetric Structures Under Arbitrary Loading,” by S. Ghosh and E.L. Wilson
1969 (PB 189 026)Al0

EERC 69-11 "Seismic Behavior of Multistory Frames Designed by Different Philosophies," by J.C. Anderson and
V. V. Bertero - 1969 (PB 190 662)Al0

EERC 69-12 “"Stiffness Degradation of Reinforcing Concrete Members Subjected to Cyclic Flexural Moments," by
V.V. Bertero, B. Bresler and H. Ming Liao - 1969 (PB 202 942)A07

69-13 "Response of Non-Uniform Soil Deposits to Travelling Seismic Waves,"” by H. Dezfulian and H.B. Seed - 1969
(PB 191 023)A03

69-14 "Damping Capacity of a Model Steel Structure,” by D. Rea, R.W. Clough and J.G. Bouwkamp - 1969 (PB 190 6631406

R g

69-15 "Influence of Local Soil Conditions on Building Damage Potential during Earthquakes," by H.B., Seed and
I.M. Idriss - 1969 (PB 191 036)A03

69=16 "The Behavior of Sands Under Seismic Loading Conditions,” by M.L. Silver and H.B. Seed - 1969 (AD 714 982)A07

70-1 "Earthquake Rasponse of Gravity Dams," by A.X. Chopra - 1970 (AD 709 640)A03

R 3

70-2 "Relationships between Soil Conditions and Building Damage in the Caracas Earthquake of July 29, 1967," by
H.B. Seed, I.M. ldriss and H. Dezfulian - 1970 (PB 195 762)A0S

70=3 "Cyclic Loading of Full Size Steel Connections,” by E.P. Popov and R.M. Stephen - 1970 (PB 213 S45)A04

70=4 "Seismic Analysis of the Charaima Puilding, Caraballeda, V uela,” by Subcommittes of the SEAONC Research

Committee: V.V. Bertero, P.F. Fratessa, S.A. Mahin, J.H. Sexton, A.C. Scordelis, E.L. Wilson, L.A. Wyllie,
H.B. Seed and J. Penzien, Chairman - 1970 (PB 201 455)A06
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EERC 70-5 “A Computer Program for Earthquake Analysis of Dams," by A.K. Chopra and P. Chakrabarti - 1970 (AD 723 994)A0S

EERC 70-6 “The Propagation of Love Waves Across Non-Horizontally Layered Structures,” by J. Lysmer and L.A. Drake
1370 (PB 197 896)A03

EERC 70-7 “Influence of Base Rock Characteristics on Ground Response,” by J. Lysmer, H.B, Seed and P.B. Schnabel
1970 (PB 197 897)A03

EERC 70-8 “Applicability of Laboratory Test Procedures for Measuring Soil Liquefaction Characteristics under Cyclic
loading,” by H.B. Seed and W.H. Peacock - 1970 (PB 198 0l6)}A03

EERC 70-9 "A Simplified Procedure for Evaluating Soil Liquefaction Potential,” by H.B. Seed and I.M. Idriss - 1970
(PB 198 009)A03

EERC 70~10 *Soil Moduli and Damping Factors for Dynamic Response Analysis,” by H.B. Seed and I.M. ldriss - 1970
(PB 197 869)A03

EEPC 71-1 “Xoyna Earthquake of December 11, 1967 and the Performance of Koyna Dam," by A.K. Chopra and P. Chakrabarti
1971 (AD 731 496)A06

EERC 71-2 “Preliminary In-Situ Measurements of Anelastic Absorption in Soils Using a Prototype Earthquake Simulator,”
by R.D. Borcherdt and P.W. Rodgers - 1971 (PB 201 454)A03

EERC 71-3  “Static and Dvnamic Analysis of Inelastic Frame Structures,” by F.L. Porter and G.H. Powell - 1371
(PB 210 135)A06

EERC 71-4  "Research Needs in Limit Design of Reinforced Concrete Structures,” by V.V. Berteroc - 1971 (PB 202 943)A04
EERC

71-5 "Dynamic Behavior of a High-Rise Diagonally Braced Steel Building," by D. Rea, A.A. Shah and ’.G. Bouwlamp
1971 (PB 203 584)A06

EERC 71-6 “Dynamic Stress Analysis of Porous Elastic Solids Saturated with Compressible Fluids,” by J. Ghaboussi and
E. L. Wilson - 1971 (PB 211 396)A06

EERC 71«7 “Inelastic Behavior of Steel Beam-to-Column Subassenblages,” by H. Krawinkler, V.V. Bertero and E.P. Popov
1971 (P8 211 335)Al14

:

71-8  "Modification of Seismograph Records for Effects of local Soil Conditions,™ by P. Schnabel, H.B. Seed and
J. Lysmer - 1971 (PB 214 450)A03

R
A

72-1 "Static and Earthquake Analysis of Three Dimensjonal Frame and Shear Wall Buildings,” by E.L. Wilson and
H.H. Dovey ~ 1972 (PB 212 904)A0S5

72-2  "Accelerations in Rock for Earthquakes in the Western United States," by P.B. Schnabel and H.B. Seed -~ 1972
(PB 213 100)A03

72-3 “"Elastic-Plastic Earthquake Response of Soil-Building Systems,” by T. Minami - 1972 (PB 214 868)A08

72-4  "Stochastic Inelastic Response of Offghore Towers to Strong Motion Earthquakes,” by M.K. Kaul - 1972
(PB 215 713)A0S

72=5  "Cyclic Behavior of Three Reinforced Concrete Flexural Members with High Shear," by E.P. Popov, V.V. Bertero
and H. Krawinkler -1972 (PB 214 555)A0S

72-6 “RZarthquake Response of Gravity Dams Including Reservoir Interaction Effects,” by P. Chakrabarti and
A.K. Chopra - 1972 (AD 762 330)A08

72-7 "Dynamic Properties of Pine Flat Dam,"” by D. Rea, C.Y. Liaw and A.K. Chopra - 1972 (AD 763 928)A05

72-8 "Three Dimensional Analysis of Building Systems,” by E.L. Wilson and H.H. Dovey - 1972 (PB 222 438)A06

588 8 B BB B

72-9  "Rate of loading Effects on Uncracked and Repaired Reinforced Concrete Members,” by S. Mahin, V.V. Bertero,
D. Rea and M. Atalay - 1972 (PB 224 S20)A08

72-10 "Computer Program for Static and Dynamic Analysis of Linear Structural Systems,” by E.L. Nilson, K.-J. Bathe,
J.2. Peterson and H.H.Dovey - 1972 (PB 220 437)A04

EERC 72-11 "lLiterature Survey - Seismic Effects on Highway Bridges,” by T. Iwasaki, J. Penzien and R.W. Clough - 1972
(PB 215 611)A19

72-12 "SHAKE-A Computer Program for Earthquake Response Analysis of Horizontally Layered Sites,” by P.B. Schnabel
and J. Lyswer - 1972 (PB 220 207)A06

73-1 "Optimal Seismic Design of Multistory Frames,” by V.V. Bertero and H. Xamil - 1973

732 "Anslysis of the Slides in the San Fernando Dams During the Earthquake of February 9, 1971," by H.B. Seed,
K.L. Lee, I.M. Idriss and F. Makdisi = 1973 (PB 223 402)Al4
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73-26
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“Computer Aided Ultimate Load Design of Unbraced Multistory Steel Frames,” by M.B., El-Hafez and G.H. Powell
1973 (PB 248 315)A09

“Experimental Investigation into the Seismic Behavior of Critical Re~ions of Reinforced Concrete Components
as Influenced by Moment and Shear,” by M., Celebi and J. Penzien - 1973 (PB 215 884)A09

“"Hysteretic Behavior of Epoxy-Repaired Reinforced Concrete Beams," by M. Celebi and J. Penzien - 1973
(PB 239 568)A03

“General Purpose Computer Program for Inelastic Dynamic Response of Plane Structures.,” by A. Kanaan and
G.H. Powsll - 1973 (PB 221 260)A08

“A Computer Program for Earthquake Analysis of Gravity Dams Including Reservoir Interaction.,” by
?. Chakrabarti and A.K. Chopra - 1973 (AD 766 271)A04

“Sehavior of Reinforced Concrete Deep Beam-Column Subassemblages Under Cyclic Loads,” by O. Kustu and
J.G. Bouwkamp - 1973 (PB 246 117)Al2

“Earthquake Analysis of Structure-Foundation Systems,” by A.K. Vaish and A.K. Chopra - 1973 (AD 766 272)A07
"Deconvolution of Seismic Response for Linear Systems," by R.B. Reimer - 1973 (PB 227 179)A08

“SAP IV: A Structural Analysis Program for Static and Dynamic Response of Linear Systems." by K.-J. Bathe,
E.L. Wilson and F.E. Peterson - 1973 (PB 221 967)A09

"Analytical Investigations of the Seismic Response of lLong, Multiple Span Highway Bridges,” by W.S. Tseng
and J. Penzien - 1973 (PB 227 816)A10

“"Earthquake Analysis of Multi-Story Buildings Including Foundation Interaction,” by A.X. Chopra and
J.A. Gutierrez - 1973 (PB 222 970)A03

"ADAP: A Computer Program for Static and Dynamic Analysis of Arch Dams," by R.W. Clough, J.M. Raphael and
S. Mojtahedi - 1973 (PB 223 763)A09

"Cyclic Plastic Analysis of Structural Steel Joints," by R.B., Pinkney and R.W. Clough - 1973 (PB 226 843)A08

"QUAD-4: A Computer Program for Evaluating the Seismic Response of Soil Structures by Variable Damping
Pinite Elemant Procedures,” by I.M. Idriss, J. Lysmer, R. Hwang and H.B. Seed - 1973 (PB 229 424)A05

"Dynamic zchavior of a Multi-Story Pyramid Shaped Building,” by R.M. Stephen, J.P. Hollings and
J.G. Bouwkamp ~ 1973 (PB 240 718)A06

"gffect of Di!t.r.ont Types of Reinforcing on Seismic Behavior of Short Concrete Columns." by V.V. Bertero,
J. Hollings, O. Kistu, R.M. Stephen and J3.G. Bouwkamp - 1973

“Olive View Medical Center Materials Studies, Phase I,"” by B. Bresler and V.V. Bertero - 1973 (PB 235 386)A06

“Linear and Nonlinear Seismic Analysis Cowputer Programs for Long Multiple-Span Highway Bridges," by
W.S. Tseng and J. Penzien ~1973

"Constitutive Models for Cyclic Plastic Deformation of Engineerinq Materials,” by J.M., Kelly and P.P. Gillis
1973 (P 226 024)A0)

“DRAIN - 2D User's Guide,” by G.H. Powell - 1973 (PB 227 Ol6)A0S
"Earthquake Engineering at Berkeley - 1973," (PB 226 033)All
Unassigned

"Earthquake Response of AxisyEmmetric Tower Structures Surrounded by Water,” by C.Y. Liaw and A.K. Chopra
1973 (AD 773 0%2)A09

“Investigation of the Pailures of the Olive View Stairtowers During the San Fernando Earthquake and Their
Implications on Seismic Design,” by V.V. Bertero and R.G. Collins - 1973 (PB 235 106)Al3

"Further Studies on Seismic Behavior of Steel Beam-Column Subassenblages,”™ by V.V. Bertero, H. Krawinkler
and E.P. Popov - 1973 (PB 234 172)A06
"Seismic Risk Analysis.” by C.S. Oliveira - 1974 (PB 235 920)A06

"Settlement and Liquefaction of Sands Under Multi-Directional Shaking,” by R. Pyke, C.K. Chan and H.B. Seed
1974

"Optimum Design of Earthquake Resistant Shear Buildings,” by D. Ray, K.S. Pister and A.K. Chopra - 1974
(P 231 172)A06

“LUSH ~ A Computer Program for Complex Response Analysis of Soil-Structure Systems," J. Lysmer, T. Udaka
N.B, Seed and R. Nwang - 1974 (PB 236 796)A0S by '
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EERC 74-S “"Sensitivity Analysis for Hysteretic Dynamic Systems: Applications to Earthquake Engineering,” by D. Ray
1974 (PB 233 213)A06

EERC 74-6 "Soil Structure Interaction Analyses for Evaluating Seismic Response," by H.B. Seed, J. Lysmer and R. Hwang
1974 (PB 236 S519)A04

EERC 74-7 Unassigned
EERC 74-8 “Shaking Table Tests of a Steel Frame - A Progress Report,” by R.W. Clough and D. Tang - 1974 (PB 240 863)A02

EERC 74-9  “"Hysteretic Behavior of Reinforced Concrete Flexural Members with Special Web Reinforcement,” by
V.V. Bertero, E.P. Popov and T.Y., Wang - 1974 (PB 236 797)A07

EERC 74-10 “Applications of Reliability-Based, Global Cost Optimization to Design of Earthquake Resistant Structures,”
by E. Vitiello and K.S. Pister ~ 1974 (PB 237 231)A06

EERC 74=-11 “Liquefaction of Gravelly Soils Under Cyclic Loading Conditions,” by R.T. Wong, H.B. Seed and C.K. Chan
1974 (PB 242 042)A03

EERC 74-12 “Site-Dependent Spectra for Earthquake~Resistant Design,” by H.8. Seed, C. Ugas and J. Lysmer - 1974
(PB 240 953)A03

EERC 74-1) “Earthquake Simulator Study of a Reinforced Concrete Frame,” by P. Hidalq‘o and R.W. Clough - 1974
(PB 241 9¢4)Al13

EERC 74-14 “"Nonlinear Earthquake Response of ConcCrete Gravity Dams,” by N. Pal - 1974 (AD/A 006 583)A06

EERC 74-15 "Modeling and Identification in Nonlinear Structural Dynamics ~ I. One Degree of Freedom Models," by
N. Distefano and A. Rath - 1974 (PB 241 548)A06

EERC 75-1 “"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure,Vol.I: Description,
Theory and Analytical Modeling of Bridge and Parameters,” by F. Baron and S.-H. Pang - 1975 (PB 259 407)A15

EERC 75-2 "Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure, Vol.II: Numerical

. Studies and Establishment of Seismic Design Criteria,” by F. Baron and S.-H. Pang - 1975 (PB 259 408)All

(Por set of EERC 75-1 and 75-2 (PB 259 406))

EERC 75-3 “Seismic Risk Analysis for a Site and a Metropolitan Area," by C.S. Oliveira - 1975 (PB 248 134)A09

EERC 75-4 "Analytical Investigations of Seismic Response of Short, Single or Multiple-Span Highway Bridges,” by
M.=-C, Chen and J. Penzien - 1975 (PB 241 454)A09

EERC 75-5 "An Evaluation of Some Methods for Predicting Seismic Behavior of Reinforced Concrete Buildings,” by S.A.
Mahin and V.V. Bertero - 1975 (PB 246 306)Al6

EERC 75-6 "Earthquake Simulator Study of a Steel Frame Structure, Vol. I: Experimental Results,” by R.W. Clough and
D.T. Tang - 1975 (PB 243 981)Al3

EERC 75-7 “"Dynamic Properties of San Bernardino Intake Tower,” by D. Rea, C.-Y. Liaw and A.K. Chopra - 1975 (AD/A008 406)
A0S

75-8 “"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. I: Description,
Theory and Analytical Modeling of Bridge Components,” by F. Baron and R.E. Hamati - 1975 (PB 251 $39)A07

75-9 “"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. 2: Numerical
Studies of Steel and Concrete Girder Alternates,” by F. Baron and R.E. Hamati - 1975 (PB 251 540)Al0

|
8

75-10 "Static and Dynamic Analysis of Nonlinear Structures,” by D.P. Mondkar and G.H. Powell - 1975 (PB 242 434)A08

75=11 “"Hysteretic Behavior of Steel Columns,” by E.P. Popov, V.V. Bertero and S. Chandramouli - 1975 (PB 252 365)All

ia

75-12 “Earthquake Engineering Research Center Library Printed Catalog,” - 1975 (PB 243 711)A26

7$=13 “Three Dimensional Analysis of Building Systems (Extended Version),” by E.L. Wilson, J.P. Hollings and
H.H. Dovey - 197S (PB 243 989)A07

75-14 "Determination of Soil Liquefaction Characteristics by Large-Scale Laboratory Tests,” by P. De Alba,
C.K. Chan and H.B. Seed -~ 1975 (NUREG 0027)A08

75-15 "A Literature Survey - Compressive, Tensile, Bond and Shear Strength of Masonry,"” by R.L. Mayes and R.W.
Clough ~ 1975 (PB 246 292)A10

75-16 "Hysteretic Behavior of Ductile Moment Resisting Reinforced Concrete Frame Components,” by V.V. Bertero and
E.P. Popov - 1975 (PB 246 388)A05

75-=17 “Relationships Betwsen Maximum Acceleration, Maximum Velocity, Distance from Source, local Site Conditions
for Moderately Strong Rarthquakes,” by H.B. Seed, R. Murarka, J. Lysmer and I.M. Idriss - 1975 (PB 248 172)A0:

75-18 “The Lffects of Method of Sample Preparation on the Cyclic Stress-Strain Behavior of Sands,” by J. Mulilis,
C.K. Chan and H.B. Seed - 1975 (Summarized in EERC 75-28)
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“she Seismic Behavior of Critical Regions of Reinforced Concrete Components as Influenced by Moment, Shear
and Axial Force,” by M.B. Atalay and J. Penzien - 1975 (PB 258 842)All

"Dynamic Proparties of an Eleven Story Masonry Building,” by R.M. Stephen, J.P. Hollings, J.G. Bouwkamp ang
D. Jurukovski = 1975 (PB 246 945)A04

“State-of-the-Art in Seismic Strength of Masonry - An Evaluation and Review,” by R.L. Mayes and R.W. Clough
1975 (PB 249 040)AQ7

*Frequency Dependent Stiffness Matrices for Viscoelastic Half-Plane Foundations,” by A.K. Chopra,
P. Chakrabarti and G. Dasgupta - 1975 (PB 248 121)A07

"Hysteretic Behavior of Reinforced Concrete Framed Walls,” by T.Y. Wong, V.V. Berteroc and E.P. Popov - 197§
“Testing Facility for Subassemblages of Frame-wall Structural Systems," by V.V. Bertero, E.P. Popov and
T. Endo ~ 1978

"Influence of Seismic History on the Liquefaction Characteristics of Sands,” by H.B. Seed, K. Mori and
C.X. Chan - 1975 (Susmarized in EERC 75-28)

"The Generation and Dissipation of Pore Water Pressures during Soil Liquefaction,” by H.B. Seed, P.P. Martin
and J. Lysmer -~ 1975 (PB 252 648)A03

“Identification of Rasearch Needs for Improving Aseismic Design of Building Structures,” by V.V. Bertero
1975 (PB 248 136)A05

“Evaluation of Soil Liquefaction Potential during tarthquakes,” by H.B. Seed, 1. Arango and C.K. Chan -1975
(NUREG 0026)A13

"Represantation of Irregular Stress Time Histories by Equivalent Uniform Stress Series in Liquefaction
Analyses,” by H.B. Seed, I.M. Idriss, F. Makdisi and N. Banerjee - 1975 (PB 252 615)A03

"PLUSH - A Computer Program for Approximate 3~D Analysis of Soil-Structure Interaction Problems," by
J. Lysmer, T. Udaka, C.-F. Tsai and H.B. Seed ~ 1975 (PB 259 332)A07

*"ALUSH - A Computer Program for Seismic Response Analysis of Axisymmetric Soil-Structure Systems,” by
E. Berger, J. Lysmer and H.B. Seed - 197%

“TRIP and TRAVEL - Computer Programs for Soil-Structure Interaction Analysis with Horizontally Travelling
Waves,” by T. Udaka, J. Lvamer and H.B. Seed - 1975 .

“Predicting the Performance of Structures in Regions of High Seismicity,” by J. Penzien - 1975 (PB 248 130)a03

"gfficient Finite Elament Analysis of Seismic Structure - Soil - Direction,” by J. Lysmer, H.B. Seed, T. Udaka,
R.N. Hwvang and C.-P. Tsai - 1975 (PB 253 570)A03

"The Dynamic Behavior of a First Story Girder of a Three-Story Steel Frame Subjected to Earthquake Loading,™
by R.W. Clough and L.-Y. Li - 1975 (PB 248 841)A0S

“garthquake Simulator Study of a Steel Frame Structure, Volume II -Analytical Results,"” by D.T. Tang - 1975
(PB 252 926)Al0

"ANSR-I General Purpose Computer Program for Analysis of Non-Linear Structural Response,” by D.P. Mondkar
and G.H. Powell - 1975 (PB 252 386)A08

"Nonlinear Response Spactra for Probabilistic Seismic Design and Damage Assessment of Reinforced Concre:e
Structures,” by M, Murakami and J. Penzien - 1975 (PB 259 S3ICIACS

»Study of a Method of Peasible Directions for Optimal Elastic Design of Frame Structures Subjected to Earth-
quake Loading,” by N.D. Walker and K.S. Pister - 1975 (PB 257 781)A06

"An Alternative Representation of the Elastic-Viscoelastic Analogy," by G. Dasgupta and J.L. Sackman - 1975
(PB 252 173)A03

"gffect of Multi-Directional Shaking on Liquefaction of Sands,” by H.B. Seed, R. Pyke and G.R. Martin - 1975
(P8 258 7681)A03

"Strength and Ductility Evaluation of Existing Low-Rise Reinforced Concrete Buildings - Screening Method," by
T. Okada and B. Bresler ~ 1976 (P83 257 906)All

"Experimantal and Analytical Studies on the Hysteretic Behavior of Reinforced Concrete Rectangular and
T-Beams,” by S.~-Y.M. Ma, E.P. Popov and V.V. Bartero - 1976 (P8 260 841)Aal2

*Dynamic Behavior of a Multistory Trisnqular-Shaped Building,” by J. Petrovski, R.M. Stephen, E. Gartenbaum
and J.G. Bouwkasp - 1976 (PB 273 279)A07

"garthquake Induced Deformations of Earth Dams,” by N. Serff, H.B. Seed, F.I. Makdisi & C.-Y. Chang - 1976
(PB 292 065)A08
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"Analysis and Design of Tube-Type Tall Building Structures,” by H. de Clercq and 5.H. Powell - 1976 ‘PB 252 220)
AlQ

“Time and Frequency Domain Analysis of Three-Dimensional Ground Motions, San Fernando Earthquake,” by T. fubc
and J. Penzien (PB 260 556)All

“Expected Performance of Uniform Building Code Design Masonry Structures,” by R.L. Mayes, Y. Owote, §.W. Chern
and R.W. Clough - 1976 (PB 270 098)A0S .

“Cyclic Shear Tests of Masonry Piers, Volume | - Test Results,” by R.L. Mayes, 7. Zmote, H.w,
Clough - 1976 (PB 264 424}A06

“A Substructure Method for Earthquake Analysis of Structure - Soil Interaction,” by J.A. Gutierrez and
A.K. Chopra - 1976 (PB 257 783)A08

“Stabilization of Potentially Liquefiable Sand Deposits using Gravel Drain Systems,” by H.B. Seed and
J.R. Booker - 1976 (PB 258 820)A04

“Influence of Design and Analysis Assumptions on Computed Inelastic Response of Moderately Tall Frames.” by
G.H. Powell and D.G. Row - 1976 (PB 271 409)A06

"Sensitivity Analysis for Hysteretic Dynamic Systems: Theory and Applications,” by D. Ray, K.S. Pister and
E. Polak ~ 1976 (PB 262 859)A04

"Coupled Lateral Torsional Response of Buildings to Ground Shaking,” by C.L. Kan and A.K. Chopra -
1976 (PB 257 307IAQ9

"Seismic Analyses of the Banco de America,” by V.V. Bertero, S.A. Mahin and J.A. Hollings - 1976

“Reinforced Concrete Frame 2: Seismic Testing and Analytical Correlation,” by R.W. Clough and
J. Gidwani - 1976 (PB 261 323)A08

"Cyclic Shear Tests of Masonry Piers, Volume 2 - Analysis of Test Results,” by R.L. Mayes, Y. Omote
and R.W. Clough - 1976

"Structural Steel Bracing Systems: Behavior Under Cyzlic Loading," by E.P. Popov, K. Takanashi and
C.W, Roedar - 1976 (PB 260 715)A0S

“Experimental Model Studies on Seismic Response of High Curved Overcrossings,” by D. Williams and
W.G. Godden - 1976 (PB 269 S548)A08

"Zffacts of Non-Uniform Seismic Disturbances on the Dumbarton Bridge Replacement Structure,” by
F. -Baron and R.E. Hamati - 1976 (PB 282 98l)alé

“Investigation of the Inelastic Characteristics of a Single Story Steel Structure Using System
Identification and Shaking Table Experiments,” by V.C. Matzen and H.D. McNiven - 1976 (PB 258 453)A07

"Capacity of Columns with Splice Imperfections,” by E.P. Popov, R.M. Stephen and R. Philbrick - 1976
(PB 260 178)A04

"Response of the Olive View Hospital Main Building during the San Fernando Earthquake,” by S. A. Mahin,
V.V, Berterc, A.K. Chopra and R, Collins - 1976 (PB 271 425)aAl4

"A Study on the Major Factors Influencing the Strength of Masonry Prisms," by N.M. Mostaghel,
R.L. Mayes, R. W. Clough and S.W. Chen - 1976 (Not published)

"GADFLEA - A Computer Program for the Analysis of Pore Pressure Generation and Dissipation during
Cyclic ox Earthquake Loading,” by J.R. Booker, M.S. Rahman and H.B, Seed - 1976 (PB 263 947)A04

"Seismic Safety Evaluation of a R/C School Building," by B. Bresler and J. Axley - 1976

"Correlative Investigations on Theoretical and Experimental pynamic Behavior of a Model Bridge
Structure,” by K. Kawashima and J. Penzien -~ 1976 (PB 263 388)All

“Earthquake Rasponse of Coupled Shear Wall Buildings,” by T. Srichatrapimuk - 1976 (PB 265 157)A07
“Tensile Capacity of Partial Penetration Welds,"” by E.P. Popov and R.M. Stephen - 1976 (PB 262 899)A03

“Analysis and Design of Numerical Integration Methods in Structural Dynamics,” by H.M. Hilber - 1976
(PB 264 410)A06

"Contribution of a Floor System to the Dynamic Characteristics of Reinforced Concrete Buildings," by
L.E. Malik and V.V. Bertero - 1976 (PB 272 247)A13

"The Effects of Seismic Disturbances on the Golden Gate Bridge,” by F. Ba M. ki B i -
1996 (#3372 2791808 dge,” by ron, Arikan and R.E. Hamati

“Infilled Frames in Zarthquake Resistant Construction,” by R.E. Klingner and V.V. Bertero - 1976
(P8 265 892}A1)
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“PLUSH - A Computer Program for Probabilistic Finite Element Analysis of Seiasmic Soal-Structure Inter-
action," by M.P. Rome Organista, J. Lysmer and H.B. Seed - 1977

“Soil-Structure Interaction Effects at the Humboldt Bay Power Plant in the Ferndale Earthquake of June
7, 197%.” by J.E. Valera, H.B. Seed, C.F. Tsa1 and J. Lysmer - 1977 (PB 265 795)A04

“influence of Sample Disturbance on Sand Response to Cyclic Loading,” by K. Mori, H.B. Seed and C.K.
Chan - 1977 (PB 267 352)A04

*Seismological Studies of Strong Motion Records," by J. Sho)a-Taheri - 1977 (PB 269 655)Al0

“Testing Facility for Coupled-Shear walls,” by L. Li-Hyung, V.V. Bertero and E.P. Popov - 1977
“Developing Methodologies for Evaluating the Earthquake Safety of Existing Buildings,” by No. 1 -

B. Bresler; No. 2 - B, Bresler, T. Okada and D. Zisling; No. 3 - T. Okada and 5. Bresler: No. 4 ~ V.V.
Bertero and B. Bresler - 1977 (PB 267 354)A08

"A Literature Survey - Transverse Strength of Masonry Walls,” by Y. Omote, R.L. Mayes, S.W. Chen and
R.W. Clough = 1977 (PB 277 933)A07

"DRAIN=TABS: A Computer Program for Inelastic Earthquake Response of Three Dimensional Buildings.” Lty
R. Guendelman-Israel and G.H. Powell - 1977 (PB 270 693)A07

"SUBWALL: A Special Purpose Finite Element Computer Program for Practical Elastic Analysis and Design
of Structural Walls with Substructure Option," by D.Q. Le, H. Peterson and E.P. Popov - 1977
{(PB 270 567)A05

“Experimental Evaluation of Seismic Design Methods for Broad Cylindrical Tanks,” by D.P. Clough
(PB 272 280)Al3

“Earthquake Engineering Research at Berkeley - 1976," - 1977 (PB 273 507)A09

"Automated Design of Earthquake Resistant Multistory Steel Building Frames," by N.D. Walker, Jr. - 1977
(PB 276 526)A09

“Concrete Confined by Rectangular Hoops Subjected to Axial Loads," by J. Vallenas, V.V. Bertero and
E.P. Popov ~ 1977 (PB 275 165)A06

"Seismic Strain Ind d in the G d During Earthquakes,” by Y. Sugimura - 1977 (PB 284 201)A04

*Bond Deterioration under Generalized Loading,"” by V.V. Bertero, E.P. Popov and S, Viwathanatepa - 1977

“Computer Aided Optimum Design of Ductile Reinfarced Concrete Moment Resisting frames," by S.W.
Zagajeski and V.V, Bertero - 1977 (PB 280 137)A07

*Earthquake Simulation Testing of a Stepping frame with Energy-Absorbing Devices," by J.M. Kelly and
D.F. Tsztoo -~ 1977 (PB 273 506)A04

"Inelastic Benavior of Eccentrically Braced Steel Frames under Cyclic loadings,” by C.W. Roeder and
E.P. Popov - 1977 (PB 275 526)AlS

"A Simplified Procedure for Estimating Earthquake-Induced Deformations in Dams and Embankments," by F.I.
Makdisi and H.B. Seed ~ 1977 (PB 276 820)A04

"The Performance of Earth Dams during Earthquakes,” by H.B. Seed, F.I. Makdisi and P. de Alba - 1977
(PB 276 821)A04

"Dynamic Plastic Analysis Using Stress Resultant Finite Element Formulation,"” by P. Lukkunapvasit and
J.M. Xelly -~ 1977 (PB 27% 451)A04 4

"Preliminary Experimental Study of Seismic Uplift of a Steel Frame," Dy R.W. Clough and A.A. Huckelbridge
1977 (PB 278 769)A08

"zarthquake Simulator Tests of a Nine-Story Steel Frame with Columns Allowed to Uplift."” by A.A.
Huckelbridge = 1977 (PB 277 944)A09

"Nonlinear Soil-Structure Interaction of Skew Highway Bridges,” by M.-C. Chen and J. Penzien = 1977
(PB 276 176)AQ7

"Seismic Analysis of an Offshore Structure Supported on Pile Foundations,” by D.D.-N. Liou and J. Penzien
1977 (PB 283 180)A06

"Dynamic Stiffness Matrices for Homogeneous Viscoelastic Half-Planes,” by G. Dasgupta and A.K. Chopra -
1977 (PB 279 654)A06

"A Practical Soft Story Earthquake Isolation System,” by J.M. Kelly, J.M. Eidinger and C.J. Derham -
1977 (PB 276 814)A07

“Seismic Safety of Existing Buildings and Incentives for Hazard Mitigation in San Francisco: An
Exploratory Study,” by A.J. Meltsner - 1977 (PB 281 970)A0%

"Dynamic Analysis of Electrohydraulic Shaking Tables,” by D, Rea, S. Abedi~Hayatri and Y. Takahash
1977 (PB 282 569)A04

"An Approach for Improving Seismic - Resistant Behavior of Reinforced Concrete Interior Joints," by
B. Galunic, V.V. Bertero and E.P. Popov =~ 1977 (PP 290 870)A06
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“The Development of Energy-Absorbing Devices for Aseismic Base Isolation Systems,” by J.M. Kelly and
D.F. Tsztoo - 1978 (PB 284 978)AD4

“Effect of Tensile Prestrain on the Cyclic Response of 3tructural Steel Connections, by J.5. Bouwkamp

and A. Mukhopadhyay - 1978

"Experimental Results of an Earthquake Isolation System using Natural Rubber Bearings,” by .M.
Erdinger and J.M. Kelly - 1978 (PB 281 686)A04

“Seismic Benavior of Tall Liquid Storage Tanks,"” by A. Niwa - 1978 (PB 284 9N17)Al4

“"Hysteretic Benavior of Reinforced Concrete Columns Subjected to High Axial and Cyclic Snear Forces,"”
by S.W. Zagajeski, V.V. Bertero and J.5. Bouwkamp - 1978 (PB 283 858)Al3l

“Inelastic Beam-Column Elements for the ANSR-I Program," by A. Riahi, D.G. Fow and G.H. Powell - 1378

“Studies of Structural Response to Earthquake Ground Motion," by O.A. Lopez and A.K. Chopra - 1978
(PB 282 790}A05

“A Laboratory Study of the Fluid-Structure Interaction of Submerged Tanks and Caissons 1n Earthguakes,”
by R.C. Byrd - 1978 (PB 284 957)A08

“Model for Evaluating Damageability of Structures,” by I. Sakamoto and B. Bresler - 1978

“Seismic Performance of Nonstructural and Secondary Structural Elements,” by I. Sakamoto - 197d

“Mathematical Modelling of Hysteresis Loops for Reinforced Concrete Columns,” by S. Nakata, T. 3groul

and J, Penzien - 1978

“Damageability in Existing Buildings,” by T. Blejwas and B. Bresler - 1978

"Dynamic Behavior of a Pedestal Base Multistory Building,” by R.M. Stephen, E.L. Wilson, J.5. Bouwkamg

and M. Button - 1978 (PB 286 650)A08 8
“Seismic Response of Bridges - Case Studies,” by R.A. Imbsen, V. Nutt and J. Penzien - 1978

(PB 286 503)Al0

"A Substructure Technique for Nonlinear Static and Dynamic Analysis,” by D.G. Row and G.H. Powell -

1978 (PB 288 077)Al0 b

“Seismic Risk Studies for San Francisco and for the Greater San Francisco Bay Area," by C.S. Oliveira -
1978

“Strength of Timber Roof Connections Subjected to Cyclic Loads,” by P. Gilkan, R.L. Mayes and R.W.
Clough - 1978

“Response of K-Braced Steel Frame Models to Lateral Loads,” by J.G. Bouwkamp, R.M. Stephen and
E.P. Popov - 1978

"Rational Design Methods for Light Equipment in Structures Subjected to Ground Motion," by
J.L. Sackman and J.M. Kelly - 1978 (PB 292 357)A04

"Testing of a Wind Restraint for Aseismic Base Isolation," by J.M. Kelly and D.E. Chatty - 1978
(PB 292 833)A03

"APOLLO - A Computer Program for the Analysis of Pore Pressure Generation and Dissipation in Hor:izontal
Sand Layers During Cyclic or Earthquake Loading," by P.P. Martin and H.B., Seed - 1978 (PB 292 835)A04

"Optimal Design of an Earthquake Isolation System,” by M.A. Bhatti, K.S. Pister and E. Polak - 1978
(PB 294 735)A06

"MASH - A Computer Program for the Non-Linear Analysis of Vertically Propagating Shear Waves in
Horizontally Layered Deposits,” by P.P. Martin and H.B. Seed - 1978 (PB 293 101)A0S

“Investigafion of the Elastic Characteristics of a Three Story Steel Frame Using System ldentificat:ion,'
by 1. Kaya and H.D. McNiven - 1978

“Investigation of the Nonlinear Characteristics Of a Three-Story Steel Frame Using System
Identification,” by I. Xaya and H.D. McNiven - 1978

"Studies of Strong Ground Motion in Taiwan," by Y.M. Hsiung, B.A. Bolt and J. Penzien - 1978
"Cyclic loading Tests of Masonry Single Piers: Volume 1 - Height to Width Ratio of 2," by P.A. Hidalgo,
R.L. Mayes, H.D. McNiven and R.W. Clough - 1978

"Cyclic lLoading Tests of Masonry Single Piers: Volume 2 - Height to Width Ratio of 1,” by S.-W.J. Chen,
P.A. Hidalgo, R.L. Mayes, R.W. Clough and H.D. McNiven - 1978

"Analytical Procedures in Soil Dynamics,” by J. Lysmer - 1978
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"Hysteretic Behavior of Lightweight Reinforced Concrete
Beam-Column Subassemblages," by B. Forzani, E.P. Popov,
and Vv.V. Bertero - 1979

"The Development of a Mathematical Model to Predict the
Flexural Response of Reinforced Concrete Beams to Cyclic !
loads, Using System Identification," by J.F. Stanton and ?‘
H.D. McNiven - 1979 i

"Linear and Nonlinear Earthquake Response of Simple
Torsionally Coupled Systems,"” by C.L. Kan and
A.K. Chopra - 1979

"A Mathematical Model of Masonry for Predicting Its
Linear Seismic Response Characteristics,” by Y. Mengi
and H.D. McNiven - 1979

"Mechanical Behavior of Light Weight Concrete Confined
by Different Types of Lateral Reinforcement," by
M.A. Manrique, V.V. Bertero and E.P. Popov - 1979

"Static Tilt Tests of a Tall Cylindrical Liquid Storage
Tank,"” by R.W. Clough and A. Niwa - 1979

"The Design of Steel Energy Absorbing Restrainers and .
Their Incorporation Into Nuclear Power Plants for
Enhanced Safety: Volume 1 ~ Summary Report," by

P.N. Spencer, V.F. 2ackay, and E.R. Parker - 1979

"The Design of Steel Energy Absorbing Restrainers and
Their Incorporation Into Nuclear Power Plants for
Enhanced Safety: Volume 2 - The Development of Analyses
for Reactor System Piping," "Simple Systems" by

M.C. Lee, J. Penzien, A.K. Chopra, and K. Suzuki

"Complex Systems" by G.H. Powell, E.L. Wilson,R.W. Clough
and D.G. Row - 1979

"The Design of Steel Energy Absorbing Restrainers and
Their Incorporation Into Nuclear Power Plants for
Enhanced Safety: Volume 3 - Evaluation of Commerical
Steels,” by W.S. Owen, R.M.N. Pelloux, R.QO. Ritchie,
M. Faral, T. Ohhashi, J. Toplosky, S.J. Hartman, V.F.
Zackay, and E.R. Parker -~ 1973

"The Design of Steel Energy Absorbing Restrainers and
Their Incorporation Into Nuclear Power Plants for
Enhanced Safety: Volume 4 - A Review of Energy-Absorbing
Devices," by J.M. Kelly and M.S. Skinner - 1979

"Conservatism In Summation Rules for Closely Spaced
Modes," by J.M. Kelly and J.L. Sackman =~ 1979
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"Cyclic Loading Tests of Masonry Single Piers Volume
3 - Height to wWidth Ratio of 0.5," by P.A. Hidalgo,
R.L. Mayes, H.D. McNiven and R.W. Clough - 1979

"Cyclic Behavior of Dense Coarse-Grain Materials in
Relation to the Seismic Stability of Dams," by N.G.
Banerjee, H.B. Seed and C.K. Chan - 1979

"Seismic Behavior of R/C Interior Beam Column
Subassemblages,” by S$. Viwathanatepa, E.P. Popov and
V.V. Bertero - 1979 :

"Optimal Design of Localized Nonlinear Systems with
Dual Performance Criteria Under Earthquake Excitations,”
by M.A. Bhatti - 1979

"OPTDYN - A General Purpose Optimization Program for
Problems with or without Dynamic Constraints," by
M.A. Bhatti, E. Polak and K.S. Pister - 1979

"ANSR-II, Analysis of Nonlinear Structural Response,
Users Manual,” by D.P. Mondkar and G.H. Powell - 1979

"Soil Structure Interaction in Different Seismic
Environments,” A. Gomez-Masso, J. Lysmer, J.-C. Chen
and H.B. Seed - 1979

"ARMA Models for Earthquake Ground Motions," by M.K.
Chang, J.W. Kwiatkowski, R.F. Nau, R.M. Oliver and
K.S. Pister -~ 1979

"Hysteretic Behavior of Reinforced Concrete Structural
Walls,"” by J.M. Vallenas, V.V. Bertero and E.P.
Popov -~ 1979

"Studies on High-Frequency Vibrations of Buildings I:
The Column Effects,” by J. Lubliner - 1979

"Effects of Generalized Loadings on Bond Reinforcing Bars
Embedded in Coniined Concrete Blocks," by S. Viwathanatepa
E.P. Popov and V.V. Bertero - 1979

“Shaking Table Study of Single-Story Masonry Houses,
Volume 1: Test Structures 1 and 2," by P. Gilkan,
R.L. Mayes and R.W. Clough - 1979

"Shaking Table Study of Single-Story Masonry Houses,
Volume 2: Test Structures 3 and 4," by P. Gulkan,
R.L. Mayes and R.W. Clough - 1979

"Shaking Table Study of Single-Story Masonry Houses,
Volume 3: Summary, Conclusions and Recommendations,"
by R.W. Clough, P. Giilkan and R.L. Mayes
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"Recommendations for a U.S.-Japan Cooperative Research
Program Utilizing Large-Scale Testing Facilities," by
U.S.-Japan Planning Group - 1979

"Earthquake-Induced Liquefaction Near Lake Amatitlan,
Guatemala," by H.B. Seed, I. Arango, C.X. Chan,
A. Gomez-Masso and R. Grant de Ascoli - 1979

"Infill Panels: Their Influence on Seismic Response of
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